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ABSTRACT 
THREE-DIMESIONAL BIOMECHANICAL MODEL OF WRIST DYNAMICS 
DURING TASKS OF DAILY LIVING 
 
 
Patrick Roscher, B.A.
 
Marquette University, 2012 
 
 An understanding of wrist dynamics during functional movements is required to 
better diagnose and treat wrist injury and disease. Currently, there is a lack of upper 
extremity (UE) models that combine both the motions and resulting forces that occur in 
the wrist during daily activities. The purpose of this study is to create a three-dimensional 
(3D) model of the upper extremity that describes kinematics and wrist kinetics during 
functional activities. A model of this type could benefit clinical diagnosis, treatment, and 
follow-up care of orthopaedic and neurological disorders of the wrist.  
 The created dynamic wrist model was used to test ten normal subjects during 
seven tasks (flexion/extension, radial/ulnar deviation, pronation/supination, hammering, 
jar opening, door-opening, and isometric pushing). Primary and secondary wrist motions 
were described for each task, as well as tri-axial forces and moments at the wrist for jar 
opening, door-opening, and isometric push tasks. These data were stratified by gender to 
demonstrate the model’s capacity to compare populations. Data were analyzed and 
showed that there were very few significant differences between male and female 
populations. This model demonstrates potential for clinical use for pre- and post-
treatment assessment and initial wrist function baseline assessment. 
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1. INTRODUCTION 
1.1 OVERVIEW AND OBJECTIVE 
 Three-dimensional (3D) analysis of upper extremity (UE) motion is a relatively 
under developed area of motion analysis. Historically, lower body motion analysis has 
been better developed than upper body modeling (Rau 2000). For this reason, it is not 
surprising that there is a current need for UE models that define joint kinematics and 
kinetics for activities of daily living (ADLs). The understanding and quantification of 
wrist motion during functional movements is required for better diagnosis and treatment 
of wrist pathologies. Currently there is a lack of UE models that combine both quantified 
motions and resulting forces that occur during ADLs. This quantification is important for 
accurate assessment and tracking of disability and rehabilitation. The first objective of 
this study is to create a 3D model to quantify the motion of the right UE that includes the 
resulting forces seen in the wrist during selected ADLs. A model of this type could 
benefit clinical diagnosis and treatment of orthopaedic and neurological disorders of the 
wrist (Schmidt 1999).  The second objective is to demonstrate the ability of the model to 
compare the wrist function of two populations. In this study, wrist function of normal 
male and female populations will be compared. It is hypothesized that there will be no 
significant difference in wrist function between male and female populations.  Current 
functional assessments of the wrist that are commonly used clinically include self-
reported disability scores, such as the Disability of the Arm, Shoulder and Hand (DASH) 
measure, or simple quantification of function, such as the Jebsen Hand Function Test 
(JHFT). These assessments may be insensitive to small differences in disability and are 
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not designed to show differences in movement. The models and assessments that 
currently exist are insufficient for the purposes of this study. 
 There have been many different techniques employed in an attempt to quantify 
UE dynamics using 3D motion analysis. Upper extremity modeling includes many 
different types of models because there are no standard, repeatable motions or protocols 
as there are for lower extremity gait (Slavens 2008). Due to the wide variety of model 
types, it is difficult to compare results of different studies. Until recently, there were no 
set standards for 3D upper body modeling. In 2005, Wu et al. released a suggestion for 
standard upper extremity modeling for the shoulder, elbow, wrist, and hand (Wu 2005). 
This is the International Society of Biomechanics (ISB) standard for upper body motion 
analysis. It is important for newly established models of the upper extremity to follow 
these standards so that it will be easier to compare and contrast results from different 
studies as the field progresses. 
 
1.2 CLINICAL SIGNIFICANCE AND APPLICATIONS 
 Upper extremity 3D motion analysis is an evolving area whereby methods are 
being developed to quantify the UE dynamics. Clinically, this quantification is essential 
in order to have a better detailed understanding of human motion. Quantification of 
human movement can serve as an accurate assessment of rehabilitation protocols and 
treatments. Current functional assessments used clinically for the hand and wrist 
concentrate on results of functional tasks and pain, but do not quantify the movements 
used to complete those tasks. The International Classification of Functioning, Disability 
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and Health (ICF) uses two domains to assess function. The two domains are 1) body 
functions and structure and  2) activity and participation. Functional assessments should 
attempt to quantify the degree of disability using these two domains. Body structure and 
function includes range of motion tests, skeletal alignment, and muscle performance. 
Activity and participation includes ADL performance, manipulation, and social 
limitations. Ideally, a 3D UE model would be able to assess body function and structure 
while also assessing performance in ADLs. The JHFT is one standardized test that is used 
in hand and wrist assessment for ADLs. This test has been used to evaluate motor 
function with various degrees of impairment (Sharma 1994, Hummel 2010). The DASH 
is a self-reported score that gives an idea of general UE function. This test is commonly 
used clinically as a bench mark for disability and evaluation purposes (Infanger 2009, 
Tambe 2007, DeSmet 2006). These functional assessments provide good information but 
may be insensitive to small changes and dynamic changes in performance. 
 The JHFT was designed to provide an objective measurement of hand and wrist 
function by simulating commonly used daily activities (Jebsen 1969). It is a test that fits 
within the activity and participation domain of the ICF. It tests performance in normal 
hand and wrist motion needed in daily activities. Normal values were established for the 
purposes of assessing disability and the effectiveness of treatment for impairments. The 
test consists of writing, flipping over note cards, picking up small objects and moving 
them to a container, stacking checkers, simulated eating, and moving empty and full cans. 
For each subtest, the time it takes to complete the specified task is recorded as the score 
(Jebsen 1969).  The validity of the JHFT has been questioned due to poor correlation to 
self-reported outcome scores. The change in times pre- and post-surgery and 
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rehabilitation are not consistently reliable to track clinical progress (Sears 2010). In 
addition to validity concerns, time as the scoring factor tells nothing of the movement 
quality. If the JHFT is being used to determine the effectiveness of wrist rehabilitation 
after an injury, results could be misleading. A decrease in time does not necessarily mean 
that wrist function has improved. It is also possible that improvements in time could be 
caused by improvements in compensation for the impairment with shoulder and elbow 
movement. The JHFT could show improvement when the rehabilitation methods are not 
effective. 
 The DASH was developed as a self-administered measure of upper extremity 
function and impairment symptoms to be used in daily clinical practice and research 
(Hudak 1996). The DASH is a test fitting in the activity and participation domain in the 
ICF. It consists of 30 questions regarding function and pain of the upper extremity on a 
self-reported one to five scale. There are additional optional modules for work and sports 
specific questions. These questions are meant to determine how much an injury or disease 
affects quality of life and participation. Overall, the DASH shows good validity, 
reliability, and responsiveness (Changulani 2008).There are questions about whether it is 
better to have one broad UE tool or whether condition or joint specific assessments would 
be more accurate (Hudak 1996). There are other possible issues with clinical self-
reported assessments. A similar impairment or pain could be perceived as different scores 
to different people leading to variability in reported outcomes. Like the JHFT, the DASH 
tells the clinician nothing about joint motion.  
 Functional assessments falling in the body structure and function domain of the 
ICF have varying significance to overall function of the wrist. Active and passive range 
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of motion assessments of the wrist have been shown to have little correlation with hand 
and wrist performance (Murgia 2004). Grip strength is one aspect of hand function, 
however it does not always correlate well with overall hand and wrist function. Clinical 
tests have shown some subjects with significantly diminished grip strength to be able to 
perform a wide variety of satisfactorily functional tests (Fowler 2001). Although 
assessment of body structure and function can give important insight into impairment, its 
correlation with functional performance is questionable. Overall, it can be difficult to 
draw conclusions about level of disability based on body structure and function. 
 In comparison to the commonly used functional assessments mentioned 
previously, a 3D dynamic UE model for motion analysis can provide additional insight 
that would otherwise not be detected. Quantification of relative joint angles, movement of 
those joints, and resulting forces not only shows if there are significant differences in 
function, but also specifically what those differences are. The data generated can be used 
to compare the function of two populations or demonstrate the effectiveness of a 
rehabilitation protocol. Advances in UE dynamic modeling can lead to improvements in 
injury prevention and treatment as well as improved rehabilitative procedures (Slavens 
2008). 
  
1.3 WRIST KINESIOLOGY 
The wrist is made up eight carpal bones which articulate with the distal end of the 
radius and each other to form two compound joints (Figure 1.1). The proximal row of 
carpal bones consists of the scaphoid, lunate, triquetrum, and pisiform. The distal row 
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contains the trapezium, trapezoid, capitate, and hamate. The radiocarpal joint is the 
articulation of the proximal carpal bones with the medial and lateral radial facets. The 
midcarpal joints are the articulations between the proximal and distal carpal bones. The 
midcarpal joints are functional rather than anatomical joints. The other joints of the arm 
proximal to the wrist allow a wide ranging hand placement in space. The wrist only plays 
a small role in hand placement. It plays a larger role in maintaining length-tension 
relationships in the hand muscles that control fine grip adjustment. The wrist is often 
considered a biaxial joint allowing flexion/extension and radial/ulnar deviation motions. 
A small degree of pronation/supination may also take place at the radiocarpal joint; 
however, that is primarily a function of the radioulnar joints (Levangie 2001).  
Ligaments of the wrist are categorized as either extrinsic or intrinsic ligaments. 
The extrinsic ligaments connect carpal bones to distal radius and ulna or to the 
metacarpals in the hand. Intrinsic ligaments function in connecting the carpal bones to 
each other. Intrinsic ligaments tend to be stronger and stiffer than extrinsic ligaments. 
Due to their location inside the synovial lining, intrinsic ligaments heal more slowly after 
injury than extrinsic ligaments. The ligaments of the wrist act to stabilize the numerous 
articulations in the joint. The scapholunate and lunotriquetral interosseous ligmants are 
commonly credited as playing a large role in wrist stability by stabilizing the scaphoid 
and lunate, respectively. The volar and dorsal radiocarpal ligaments stabilize the 
radiocarpal joint (Levangie 2001). 
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Figure 1.1 Carpal Bones (Netter 1997) 
 
  
 The specific mechanism of flexion and extension movements of the wrist is not 
well defined due to the complex nature of carpal movement. There are six muscles that 
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work to cause wrist flexion (Figure 1.3). The three primary muscles are the palmaris 
longus (PL), the flexor carpi radialis (FCR), and the flexor carpi ulnaris (FCU). The FCR 
and the FCU can also cause some radial and ulnar deviation respectively when 
contracting alone (Levangie 2001). The contraction of these muscles causes the proximal 
carpal bones to slide dorsally and roll palmarly on the distal radius. The distal carpals 
slide dorsally and roll palmarly on the proximal carpals to create flexion (Neumann 2002). 
Nine muscles are involved with wrist extension with three primary extensors (Figure 1.2). 
The extensor carpi radialis longus and brevis (ECRL, ECRB) and the extensor carpi 
ulnaris (ECU) combine in contraction along with secondary muscles to create extension 
in the wrist. The contraction of these muscles causes extension by the carpals sliding and 
rolling in the opposite direction from flexion (Neumann 2002). The normal range of 
motion for adult males in flexion and extension is 73 and 71 degrees, respectively. The 
angles are taken with the hand relative to the forearm (Boone 1979). Females tend to 
have a slightly greater range of motion in all wrist movements except wrist flexion 
(Reese 2002). The normal average maximal strength in wrist extension for adults 
between 20-39 years of age has been found to be 184.3N for males and 99.6N for females 
(Bohannan 1997). 
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Figure 1.2 Extensors of the wrist (Netter 1997) 
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Figure 1.3 Flexors of the Wrist (Netter 1997) 
Radial deviation is a complex motion which has lateral shifting of the proximal 
and distal carpals combined with flexion of the proximal carpals and extension of the 
distal carpals (Levangie 2001). The proximal and distal carpals slide ulnarly and roll 
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radially (Neumann 2002). Ulnar deviation has a similar movement with opposite 
movement of the proximal and distal carpals. There is a maximal range of motion in 
radial/ulnar deviation when the wrist is in the neutral position. Extension or flexion puts 
the carpal bones in a position that lessens lateral range of motion. Ulnar deviation comes 
from the contraction of the FCU in combination with the ECU. Radial deviation is caused 
by contraction of the FCR in combination with secondary muscles (Levangie 2001). The 
normal range of motion for adult males in radial and ulnar deviation is 19 and 33 degrees, 
respectively (Boone 1979). In males between the ages of 23 and 33, the maximal strength 
in has been found to be 146.6N in radial deviation and 121.3N in ulnar deviation (Delp 
1996). 
 Pronation and supination of the hand is not a movement that takes place in the 
wrist joint, but it does have a large effect on hand and wrist function in daily life. In 
supination, the radius and ulna are parallel to each other. The pronator teres and pronator 
quadratus contract to cause pronation. In pronation, the ulna moves only a small amount. 
The radius is pulled over the ulna so that the bones cross to create the pronated state. 
Relaxation of the pronators as well as contraction of the supinator moves the forearm and 
hand back into the supinated state (Figure 1.4).  This movement causes a sliding between 
the radius and the ulna at the radioulnar joints (Levangie 2001). The normal range of 
motion for adult males in pronation and supination is 71 and 84 degrees, respectively 
(Boone 1979). 
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Figure 1.4 Pronators and Supinator of the Forearm (Netter 1997) 
 
1.4 KINEMATICS 
 Kinematics is the study of motion independent of forces or causes of that motion. 
It is used to describe the linear and angular positions of bodies and how those positions 
vary with time. Motion can be described in two or three dimensions in either an absolute 
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or relative reference space (Winter 2004, Robertson 2004). Numerous techniques have 
been used to make measurements to describe human movements. Goniometers are used 
to find relative planar rotation at a single joint. They were commonly used to view the 
movement of the knee in gait by finding the relative motion between the upper and lower 
leg. Accelerometer systems are used to find linear and/or rotational accelerations at 
specific places in the body. Combination of data from numerous accelerometers allows 
analysis of different body segments relative to each other. Most recently, optical systems 
have become the primary tool used for kinematic analysis as they have gained increasing 
clinical acceptance (Winter 2004, Harris 1996).  
 Optical systems often use passive reflective markers that are tracked by a camera 
system though a capture volume. The markers are tracked in a global or absolute 
reference space over time to capture movement. A biomechanical or mathematical model 
can be applied that will define each marker as a part of a body segment that is to be 
analyzed. The combination of modeling with marker movement data allows calculation 
of linear and angular position, velocity, and acceleration in the global coordinate system 
of the laboratory or in reference to another body segment. A segment is made up of three 
or more markers. Euler angles are most commonly used to describe 3D motion of distal 
segments relative to proximal segments (Chao 1980, Grood 1983, Ramakrishnan 1991). 
Other methods that are commonly used to describe 3D segmental motion are direction 
cosines and helical axes (Harris 1996).  
 In order to properly understand bone and joint kinematics, there must be a defined 
complex joint motion. Harris et al. stated that in order to study joint motion thoroughly, 
the following characteristics should be present: First, all three translations and all three 
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rotations must be defined to fully describe 3D motion; Second, the procedure should be 
noninvasive in order to avoid disrupting natural movement and so clinical application is 
plausible; Third, it should accurately define joint motion. Of the many previous studies 
done on joint kinematics, very few have met these three characteristics (Harris 1996). 
 In order to determine joint kinematics, the body must be separated into multiple 
segments connected by defined joints. Segments are assumed to be rigid, which is not 
entirely accurate. The human skeleton is not perfectly rigid, but any movement within a 
body segment is negligible and is assumed not to exist in order to simplify the 
mathematical complexity (Robertson 2004). UE models for human motion are broken 
into trunk, humerus, forearm, and hand segments linked by shoulder, elbow, and wrist 
joints (Wu 2005). When modeling the UE accurately and completely, assumptions must 
be made with regard to the joint motion. For example, during flexion and extension of the 
wrist, the rotations between the carpal bones tend to be very small, complicated 
movements that can be negated when looking at overall wrist motion (Taylor 1955).  In 
early upper body motion analysis, assumptions were made to simplify the movements.
 
Portions of movements were constrained in order to limit the motion that was viewed 
(Schmidt 1999). This tends to be problematic when looking at functional tasks because 
most upper body functional movements are a combination of shoulder, elbow, and wrist 
motion. 
There are inherent errors in these models based on the rigid body assumption as 
well as estimations of joint centers. There are additional errors due to skin and muscle 
movement. Marker placement can be chosen carefully to minimize the errors due to skin 
movement artifact, but those errors cannot be eliminated without the model becoming 
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invasive. Corrective measures for skin movement other than marker placement have been 
proposed by Schmidt et al. in 1999 and Roux et al. in 2002 (Schmidt 1999, Roux 2002). 
Skin motion errors can be minimized with careful marker placement, data filtering, and 
smoothing (Harris 1996). 
 Until recently, there were no ISB standards for UE kinematic modeling. In 2005, 
Wu et al. released a recommendation for defining UE human joint motion (Wu 2005). 
This was done to facilitate better communication between researchers and all involved 
parties by creating some continuity between models. For each of the shoulder, elbow, 
wrist, and hand, body segment coordinate systems, joint coordinate systems, and joint 
motions are defined. Any UE model should fit within the guidelines, and it is up to the 
researcher to develop a marker placement scheme to create the proper segments, 
coordinate systems, and Euler angle sequences.   
 
1.5 KINETICS 
 Kinetics is the study of forces and torques that cause movement in the body and, 
in application, can include resulting forces from that motion (Winter 2004, Robertson 
2004). The purpose of human kinetic analysis is to determine the forces and moments at 
the joints due to muscle contraction. The most common way to attempt to determine joint 
forces and torques is to use inverse dynamics. Joint forces and moments can be calculated 
from the combination of external forces measured by a force sensor, segmental inertial 
characteristics calculated from anthropomorphic data, and segment kinematic data found 
in a simultaneous kinematic analysis of motion. Inverse dynamics can be solved using the 
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Newton-Euler or LaGrangian methods; however, the Newton-Euler method is generally 
applied in clinically-based studies (Robertson 2004). Kinetic analysis can be particularly 
important for quantifying forces that relate to joint injury. Kinetic analysis can be applied 
during specific functional tasks to determine common joint loading. This information can 
be applied to prevention of impairments caused by repeated high joint loadings, such as 
arthritis, carpal tunnel syndrome, rotor cuff tears, and general joint pain (Slavens 2008). 
As in kinematic motion analysis, there are limitations to kinetic analyses. The assumption 
of rigid segments can lead to errors. The largest limitation of this method is simplification 
due to what would be an indeterminate solution. Joints such as the wrist have many 
articulations of bone contact which would produce numerous and varied resultant forces 
in the joint due to a movement. This creates an indeterminate situation where there are 
more unknowns than equations. Using the rigid body assumption, d’Alembert’s principle 
can be applied, which states that external forces acting on a rigid body are equivalent to 
the effective forces of the various particles forming the body. This creates an estimated 
joint force that combines all muscle and bone forces and moments into one resultant 
vector (Robertson 2004). 
 The first step to creating a human kinetic model is acquiring the kinematic data as 
previously described. Length, mass, mass moment of inertia, center of mass (CM), and 
CM locus of each segment must be determined based on measurements, marker 
placement, and anthropomorphic literature. The combination of each segment’s 
characteristics and the kinematic data allows the calculation of linear and angular velocity 
of and about the CM of each segment. External forces measured with a force plate or 
force dynamometer can be synchronized with the motion data (Harris 1996). The external 
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forces and moments due to mass and acceleration of each segment can be combined to 
find the resultant forces at each joint. The errors from this process are minimized with 
careful procedure. The external force measurement can lead to very small errors that can 
be minimized by calibrating the sensors. The biggest risk for errors comes from the data 
that is derived from the kinematics. Joint center and center of mass calculations are 
usually based on marker placement. Those points are involved with finding moment arms. 
Miscalculation of the moment arms can lead to significant errors in resultant force. Care 
must be taken to have proper marker placement and limit skin motion to ensure accurate 
joint center and center of mass determinations (Robertson 2004). 
 
1.6 SKIN MOVEMENT CORRECTION 
 The key problem that creates error in UE motion analysis is relative motion 
between markers and bones. This is categorized as skin movement. There have been 
some attempts to minimize the error of skin movement. Schmidt et al. stated that the skin 
at joints does not rotate as much as the bone about the longitudinal segment axis. To 
correct this, Schmidt el al.’s strategy was to use triads of markers that were placed on the 
upper arm, forearm, and hand. During a static reference shot, markers were placed at key 
anatomical points near the joints to find joint centers. Those joint centers were then found 
in space relative to the segment triads once the joint markers were removed for dynamic 
trials. The correction for skin movement was most important at the distal end of the upper 
arm segment when the flexion angle of the elbow was less than 15 degrees. The 
correction method at the wrist was especially important due to movement of the forearm. 
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Pronation/supination would be underestimated by 17 - 43% without correction. Overall, 
the correction method proved effective. The limitations of the model include that bone 
movements could not be observed directly (Schmidt 1999). 
 Roux et al. proposed using a global optimization (GO) method that was first 
applied to the lower limb analysis. This model uses similar marker locations to Schmidt 
et al. but instead uses a sphere-splitting method to determine the joint centers of the 
shoulder and wrist. The GO method uses information from a static trial, which is free of 
skin movement, to minimize the skin movement effect in dynamic trials by considering 
relative distance between markers. Greater errors were seen in relative movement 
between the hand and forearm during external and internal rotation of the shoulder. 
Errors in all other degrees of freedom were reduced by this method (Roux 2002). Overall, 
this model seems to be an improvement for minimizing errors due to skin movement. 
 Further studies have shown other effective ways to minimize and correct for soft 
tissue movement. The marker mass should be as small as possible. Smaller masses lead to 
vibrations of higher frequency noise of the signal that is easier to filter out using a low 
pass filter. Careful marker placement at the end of segments at boney landmarks can limit 
the skin movement at the markers. Low-pass filters can be used to smooth the data by 
reducing noise without significantly affecting the data. Using these techniques in human 
motion analysis models will lead to errors that are acceptably small (Harris 1996). 
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1.7 EXISTING UPPER EXTREMITY AND WRIST MODELS 
 In the past decade, UE models have become more prevalent in research. Models 
range from joint specific kinematic models to full characterization of UE kinematics and 
kinetics. In 2004, Murgia et al. published a wrist kinematic model consisting of six 
markers used to define two segments (right hand, right forearm) and one joint (right 
wrist) for testing during activities of daily living (ADLs) (Murgia 2004). It is important to 
define complete kinematics of the wrist during ADLs rather than just range of motion 
exercises because range of motion does not always correlate well with function (Fowler 
2001). In Murgia et al.’s study, carton pouring and jar-opening movements were tracked 
using a four camera motion capture system. Euler angles were used to describe relative 
wrist motion (Murgia 2004). This model does not quantify the motion from the rest of the 
UE which makes differences in wrist movement for the same task difficult to explain. For 
example, in free movement of the upper body during jar-opening, the shoulder is rotated 
internally (Chang 2008). The lack of full upper body kinematics limits the understanding 
of the overall task motion. 
 Metcalf et al. created a wrist model similar to Murgia et al. This model consists of 
a right forearm, hand, and five fingers. Twenty-six markers were used to create the 
segments which were each given their own coordinate system. Relative motion between 
the segments was found while the subjects completed the South Hampton Hand 
Assessment Procedure (SHAP). The model was applied to show consistent hand and 
finger movement strategy for lifting and moving heavy and light objects. This allowed 
quantification of how and why lifting heavy and light objects creates different results in 
the SHAP (Metcalf 2006). 
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 Kinematic models that describe motion of the entire upper body are more 
common than specific wrist models because they have a wider range of uses and provide 
more information to characterize a movement. Rab et al. created a complete UE model 
consisting of 10 segments (head, shoulder girdle, right/left upper arms, right/left forearms, 
and right/left hands) using 18 reflective markers placed on key anatomic locations on the 
skin. The joint centers of rotation were assumed to be fixed, which is not uncommon. The 
shoulder had three degrees of freedom with a joint center located at the humeral head. 
The movements of shoulder are described in relation to the trunk, which ignores the 
scapula movement. The elbow had two degrees of freedom with the joint center located 
in the distal humerus. Pronation/supination of the forearm is modeled as a rotation about 
the longitudinal axis of the forearm. The wrist has two degrees of freedom in 
flexion/extension and radial/ulnar deviation, which is thought to be a valid assumption 
(Taylor 1955). Movement of the segments is described as relative Euler angles between 
segments in and X-Y-Z sequence which corresponds to forward flexion, abduction, and 
axial rotation. One goal of this study was to adopt a standardized approach to UE 
kinematic modeling so that communication between researchers could improve (Rab 
2002). This model has been used in a subsequent study by Petuskey et al. to look at 
ADLs in a pediatric population. This study acknowledges that the ISB suggests a 
different shoulder rotation sequence, but notes that the two sequences both have the same 
chances of gimbal lock, or loss of one degree of freedom due to parallel configuration of 
two of the three axes (Petuskey 2007). 
 Williams et al. created another full UE model with nine rigid segments (torso, 
right/left clavicle, right/left upper arm, right/left forearm, right/left hand) each defined by 
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a minimum of three nonlinear markers. The marker set up uses triads on the upper arms 
and forearms as described by Schmidt et al. in 1999. The clavicles are not located with 
markers, but are located in space relative to the torso and upper arm triads. The shoulder 
is modeled as a ball and socket joint with the joint center located at the proximal humerus. 
The elbow is modeled as a hinge joint with a joint center at the midpoint between the 
medial and lateral epicondyles of the humerus. The wrist is modeled with two degrees of 
freedom with a joint center at the midpoint between the distal radius and distal ulna. This 
model was used to test a task described as removing the parking token. Williams et al. 
conclude that this model is ready for clinical use in quantitative analysis of UE 
impairment (Williams 2006). 
 Hingtgen et al. created an UE model to evaluate reaching tasks for stroke patients. 
Five segments were created which are the trunk, right and left upper arms, and the right 
and left forearms. Fourteen markers are placed on boney landmarks to reduce skin 
movement effects.  The segments are linked by a three degree-of-freedom shoulder and a 
two degree-of-freedom elbow. Joint centers are located using anthropomorphic measures 
and marker placement. The 3D joint angles are determined using an Euler angle sequence 
of Y-Z-X. The trunk is referenced to the global coordinate system while the distal 
segments are referenced to the proximal segments. This model was used to evaluate the 
differences between affected and unaffected reaching patterns in stroke patients 
(Hingtgen 2006). 
Strifling et al. created a kinematic model to compare subjects using anterior 
versus posterior walkers. Eighteen markers were used to look at upper and lower 
extremity kinematics. The Euler angles at the torso, shoulders, elbows, and wrists were 
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used to 3D UE motion by comparing distal to proximal segments. This model used an 
ISB standard rotation sequence of Y-X-Z which correlates to flexion/extension, 
abduction/adduction, and internal/external rotations (Strifling 2008). 
Force sensor technology has allowed UE kinematics to be coupled with 
synchronized force data to create dynamic UE models to find resulting joint forces and 
torques. Konop et al. repeated the set up described by Strifling et al. in 2008. This time 
the walker handles were instrumented with six-axis dynamometers to record reaction 
forces and moments at the hand. The dynamometer is a strain gage-based load cell. 
Newton-Euler dynamics are used to calculate the resultant forces at the wrist elbow and 
shoulder from the handle reaction force coupled with the kinematic data. This was a full 
dynamic UE set up, but due to the placement of the force sensor, it is limited to walker 
studies (Konop 2009). 
Slavens et al. created a dynamic UE model similar to the Konop model, but used 
instrumented Lofstrand crutches instead of a walker. The kinematics described the 
motion of nine segments (thorax, right/left upper arms, right/left forearms, right/left 
hands, and right/left crutches). Twenty-six markers were placed on bony landmarks and 
the crutches. Rotations are described in ISB standard Euler angles with a Z-X-Y sequence 
for all joints. The crutches and thorax are referenced to the global coordinate system. The 
ISB convention for local coordinate systems has X pointing anteriorly, Y pointing 
superiorly, and Z pointing laterally to the right. The Lofstrand crutches were 
instrumented with six-axis force sensors and joint reaction forces are found using a 
Newton-Euler inverse dynamics approach. This is another complete dynamic UE model, 
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but due to the placement of the force sensor, it is limited to Lofstrand crutch studies 
(Slavens 2010). 
Currently, there is a lack of dynamic UE models set up for testing ADLs that meet 
ISB standards. The dynamic models currently available are specific to a certain 
population or activity due to force sensor placement. Force sensors have been placed in 
walker or crutch handles as described previously. Wheelchair wheels have also been 
instrumented to create dynamic models with joint reaction forces during wheelchair 
ambulation (Morrow 2010, van Drongelson 2011). A less specific force sensor with 
multiple attachments to mimic daily living tasks could lead to a dynamic wrist model that 
could characterize joint forces in activities common to larger populations. An improved 
model of the wrist for ADLs could lead to a better understanding of wrist movements and 
forces during common tasks. This better understanding could lead to better treatment and 
diagnoses of orthopaedic and neurological disorders of the wrist.
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2. METHODS 
2.1 STANDARDIZED FUNCTIONAL ASSESSMENTS 
 The JHFT is used to provide objective and standardized tasks to be measured 
against normal values. The test consists of seven subtests, task completion time being the 
score for the test (Table 2.1). When administering the test, specific descriptions of the 
task must be used that were published by Jebsen et al. The specific descriptions can be 
seen in appendix A. The first subtest is writing. The subject is given a black ball point 
pen and four 8-by-11-inch sheets of unruled white paper clipped to a clipboard. One of 
four possible 24 letter sentences is typed on a 5-by-8-inch notecard that is flipped over 
and the subject writes (not prints) the sentence on the sheet of paper. The second subtest 
is card turning. In this test, five 3-by-5-inch notecards are placed in a horizontal row in 
front of the subject at specified distances from the subject. When directed, the subject 
turns each of the cards over. Accuracy in card placement after it is flipped over is 
unimportant. The third subtest is movement of small common objects. An empty one 
pound coffee can is placed in front of the subject with two paper clips, bottle caps, and 
pennies evenly spaced in a horizontal row to one side of the can. When directed to start, 
the subject must pick up and place each object into the can in order. The fourth subtest is 
simulated feeding. Again, the coffee can is placed in front of the subject. Five kidney 
beans are spaced in front of a short vertical board. When directed, the subject must pick 
up the kidney beans using a spoon and drop them in the can one at a time. The fifth 
subtest is checker stacking. Four standard, wooden checkers are evenly spaced in front of 
the subject at the edge of a ¾-inch step up. When directed, the subject must stack the 
checkers on top of each other on the raised surface. The sixth and seventh subtests are 
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moving light and heavy large objects, respectively. Five empty and full No. 303 cans are 
placed in front of the ¾-inch raised surface. In each of the subtests, the cans must be 
taken from the lower surface and placed on the higher surface. For each of the tests, a 
stopwatch is used to time each task start to finish (Jebsen 1969).  
 
Table 2.1 Jebsen Functional Hand Test Activities (Jebsen 1969) 
Subtest Description 
Writing Copying a 24 letter sentence 
Card Turning Turning over five 3-by-5-inch index cards 
Small Common Objects Move two bottle caps, pennies, and paper 
clips into an empty coffee can 
Simulated Feeding Move 5 kidney beans into an empty coffee 
can with a spoon 
Checkers Stack four checkers on top of each other 
Large Light Objects Move five empty No. 303 cans onto a 3/4in 
elevated surface 
Large Heavy Objects Move five full No. 303 cans onto a 3/4in 
elevated surface 
  
The DASH score is a self-reported questionnaire looking at UE symptoms such as 
pain, weakness, stiffness, numbness, and function status in terms of physical, social, and 
psychological effects. The subject is asked to answer all of the 30 questions using their 
symptoms and functional status of the previous week. The subject is allowed as much 
time as is necessary to complete the questionnaire. Each question is answered on a scale 
of one to five. Once the subject has finished answering the questions, the DASH score 
can be computed using a simple formula, 
[
                  
 
  ]            (1) 
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where n should be thirty, given that the questionnaire was completed, or the number of 
questions answered if the questionnaire is not finished (Hudak 1996). A full list of 
questions from the DASH questionnaire is located in appendix A. 
 
2.2 KINEMATIC MODEL 
 The UE kinematic model consists of four body segments: 1) trunk, 2) right 
humerus, 3) right forearm, and 4) right hand (Figure 2.2). A dynamometer segment and 
object marker were also used. The dynamometer segment was not used in the kinematic 
assessment, but used to define directionality of the forces relative to the hand segment in 
the kinetic model (Figure 2.1). In all, 17 passive reflective markers are used to define 
these segments and placed on bony anatomic landmarks, precisely on the dynamometer, 
and on the tools used in kinematic motions. Joint centers and joint axes are defined using 
anthropomorphic measures of the body and marker placement. The shoulder, elbow, and 
wrist are modeled as ball and socket joints with three degrees of freedom.  Vicon 
BodyBuilder Version 3.6.1 (Vicon Motion Systems, Ltd., Oxford England) was used to 
develop this model. Twelve Vicon MX T40-S cameras were used to capture marker 
movements with a 120Hz capture rate.  The 3D joint angles were determined using Euler 
angles (Chao 1980, Grood 1983, Ramakrishnan 1991, Harris 1996). All joints have fixed 
centers of rotation. The Euler angle sequence Z-X-Y was used to define joint angles of 
distal segment coordinate systems with respect to proximal segment coordinate systems. 
The Z-X-Y sequence refers to flexion/extension, abduction/adduction, and 
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internal/external rotation, respectively. The trunk and dynamometer segments were 
described in reference to the global coordinate system of the laboratory.   
 
 
Figure 2.1 Dynamometer coordinate system relative to body segment coordinate systems during 
kinetic tasks 
 
 
2.2.1 JOINT CENTERS 
 When creating the model, it was necessary to determine joint centers locations for 
the shoulder, elbow, wrist, and third metacarpal as well as a center point of the trunk and 
dynamometer that will be used as origins for segment coordinate systems. All of these 
points were assumed to have fixed centers of rotation. Figure 2.1 shows marker 
placement as well as segment coordinate systems, while Table 2.2 identifies the marker 
names and placements on anatomical landmarks. 
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Figure 2.2 Upper Extremity Marker Placement and Coordinate Systems  
 
 
 
Table 2.2 Marker Names, Locations, and segment affiliation 
Marker Name Location of Placement  Segment(s) affiliation 
SPC7 Spinous process of C7 Trunk 
STRN Sternal Notch Trunk 
R/LACR R/L acromion process Trunk and Humerus 
ME R medial epicodyle Humerus and Forearm 
LE R lateral epicondyle Humerus and Forearm 
OLC R olecranon process Humerus and Forearm 
RAD R radial styloid Forearm and Hand 
ULN R ulnar styloid Forearm and Hand 
RM5 Head of 5
th
 metacarpal (laterally) Hand 
RM3 Head of 3
rd
 metacarpal (dorsally) Hand 
RM2 Head of 2
nd
 metacarpal (laterally) Hand 
FDYN Laterally Front edge of Dyn Dyn 
R/LDYN Laterally  R/L side edges of Dyn Dyn 
BDYN Laterally Back edge of Dyn Dyn 
 
Trunk 
 The trunk was defined using the right and left acromion processes, spinous 
process of the C7 vertebrae, and the sternal notch. The origin of the segment was located 
at the midpoint between the C7 and sternal notch markers, 
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  ̅  
 ̅      ̅    
 
          (2) 
where tc is the location of the trunk center and ̅   refers to the marker location where 
i=marker. 
Shoulder 
 The glenohumeral joint was modeled as a ball and socket joint with three degrees 
of freedom and no movement of the rotation center of the humerus. The joint center was 
located at the center of the humeral head (Roux 2002, Wu 2005). The joint is located 
inferiorly of the acromion marker in the negative direction of the trunk’s Y-axis. The 
shoulder joint center is located with the equation, 
 ̅   ̅     [(
              
 
               )   ̅ ]   (3) 
where the marker diameter was 14mm,   ̅  was the Y-axis direction of the trunk, and the 
shoulder offset was found by the equation, 
               
  
   
         (4) 
where SC is the circumference of the shoulder measured from the acromion process 
around the underarm. 
Elbow 
 The elbow joint was modeled as a ball and socket joint. Elbow flexion and 
extension and pronation supination is defined at the elbow joint. It was assumed to be 
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found at the midpoint between the lateral and medial humeral epicondyles (Wu 2005). It 
was found with the equation, 
 ̅   
 ̅     ̅   
 
          (5) 
Wrist 
 The wrist joint was modeled as a ball and socket joint.  Wrist joint motion 
includes flexion/extension and radial/ulnar deviation. It was assumed to be located at the 
midpoint between the ulnar and radial styloids. It was found with the equation, 
 ̅   
 ̅      ̅    
 
          (6) 
Third Metacarpal  
In order to find the joint center for the third metacarpal, a temporary hand 
coordinate system was set up to define an X-axis that would point anteriorly through the 
hand when in the anatomic position. This coordinate system was set up by, 
 ̅   
 ̅    - ̅   
| ̅    - ̅   |
          (7)  
 ̅   
 ̅      ̅    
| ̅      ̅    |
  ̅                       (8) 
where  ̅    and  ̅   are the Y- and X-axes of the temporary hand coordinate system, 
respectively. The temporary Z-axis is the cross product of the temporary Y- and X-axes. 
The joint center of the third metacarpal was found using the equation, 
   ̅̅ ̅̅ ̅̅    ̅    [(
                  
 
)   ̅  ]     (9) 
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where RHT is the measured right hand thickness at the third metacarpal joint.  
Dynamometer 
 The dynamometer outputs the forces and moments at the center point of the top 
plate, according to the manufacturer’s specifications. Markers were placed so that the 
center point of the top of the plate could be located at the midpoint between the front and 
back dynamometer markers. The center point could be found with the equation, 
 ̅c 
 ̅      ̅    
 
          (10) 
 
2.2.2 SEGMENT COORDINATE SYSTEMS 
 Each of the segments were given local coordinate systems in accordance with ISB 
standards, with the Y-axis pointing superiorly, the X-axis pointing anteriorly, and the Z-
axis pointing to the right when the body is in anatomic position. These segment 
coordinate systems were used to determine joint angles. Relative motion between the 
segments was measured in Euler angles in accordance with ISB standards (Wu 2005). 
Trunk 
 The origin of the trunk coordinate system was located at the trunk center. The 
following vectors determine the coordinate system of the trunk: 
 ̅  
 ̅    - ̅    
| ̅    - ̅    |
           (11) 
 ̅  
 ̅      ̅    
| ̅      ̅    |
  ̅         (12) 
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 ̅    ̅   ̅                                         (13) 
Humerus 
 The origin of the humerus is located at the shoulder joint center. The following 
vectors determine the coordinate system of the right humerus: 
 ̅  
 ̅   ̅ 
| ̅   ̅ |
          (14) 
 ̅  
 ̅      ̅ 
| ̅       |
  ̅          (15) 
 ̅    ̅   ̅                    (16)                        
where  ̅      ̅  are the shoulder and elbow joint centers, respectively. 
Forearm 
 The origin of the forearm coordinate system is located at the right ulnar styloid 
marker. The following vectors determine the coordinate system of the right forearm: 
 ̅  
 ̅   ̅    
| ̅   ̅    |
         (17) 
 ̅  
 ̅      ̅    
| ̅      ̅    |
  ̅         (18) 
 ̅    ̅   ̅            (19)                                
Hand 
 The origin of the hand coordinate system is located at the third metacarpal joint 
center. The following vectors determine the coordinate system of the right hand: 
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 ̅   
 ̅     ̅̅ ̅̅ ̅̅ ̅ 
| ̅      |
         (20) 
 ̅   
 ̅      ̅    
| ̅      ̅    |
  ̅          (21) 
 ̅     ̅    ̅             (22) 
where  ̅  and    ̅̅ ̅̅ ̅̅   are the center of the wrist joint and center of the third metacarpal, 
respectively. 
Dynamometer 
 The origin of the dynamometer coordinate system is located at the center point of 
the dynamometer. The following vectors determine the coordinate system of the 
dynamometer: 
 ̅  
 ̅      ̅    
| ̅      ̅    |
          (23) 
 ̅  
 ̅      ̅    
| ̅      ̅    |
  ̅          (24) 
 ̅    ̅   ̅                (25)     
 
2.3 KINETIC MODEL 
 The kinetic model was added to the kinematic model in order to find resulting 
forces at the wrist during certain ADLs. The kinetic model consists of using kinematic 
data to find linear and angular velocities and accelerations of segments; using 
anthropomorphic data to find segment centers of mass, mass moments of inertias, and 
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segment masses; and using reaction forces and moments recorded from the six-axis, 
MCA-1000 dynamometer (AMTI, Watertown, MA ) to calculate resulting forces and 
moments at the hand and wrist. The force data were sampled at 3000Hz.  First, time 
derivatives of the Euler angles of each joint were taken to use in the following equation to 
find angular velocity and acceleration of the segments: 
[
  
  
  
]  [
      ̇      ̇
       ̇      ̇
    ̇    ̇
]        (26) 
where ω is the angular velocity, c is cosine, s is sine, and  ̇ is the time derivative of the 
angular displacement of the Euler angles. The angular accelerations were then found by 
taking the time derivatives of the angular velocities (Winter 2009). The time derivatives 
were taken using the central difference theorem. This is a valid way to calculate the 
derivative in motion analysis given that the data is filtered with a low pass filter, as it is in 
this model (Robertson 2004). The angular acceleration found with the central difference 
theorem is found with the equation, 
   
         
   
        (27) 
where    is the angular acceleration at time i,      and      are the angular velocities at 
the previous and next time, and    is the sampling interval of the data (Robertson 2004). 
 The linear velocity of each segment was found using the time derivative of the 
displacement of each segment’s center of mass. The time derivative of the velocity of 
each segment’s center of mass was used to find the acceleration of each segment. The 
35 
 
central difference theorem was again used to find the time displacements and the velocity 
and acceleration were found with the equations, 
   
         
   
          (28) 
   
         
   
          (29) 
where    and    are the velocities and accelerations at time i, respectively, s is the global 
position of the center of mass in question, and    is the sampling interval of the data 
(Robertson 2004). 
Anthropomorphic data were used to find the segmental centers of mass as a 
percentage length of the segment from the proximal end.  The hand center of gravity was 
found with the following equation: 
  ̅̅ ̅̅     ̅           ̅     ̅̅ ̅̅ ̅̅        (30) 
where   ̅̅ ̅̅    is the center of gravity of the hand,  ̅  is the wrist center,    ̅̅ ̅̅ ̅̅   is the third 
metacarpal center, and 0.506 is used to find the location of the center of mass from the 
proximal end of the segment (Winter 2005). The mass of the hand was calculated as a 
percentage of total weight (Winter 2005). 
                              (31) 
Mass moments of inertia for the hand segment were found using specifications from 
Yeardon and Morlock. These values are based on measurements of wrist circumference, 
distance from wrist center to distal end of the third metacarpal, and the circumference of 
the third metacarpal (Yeardon 1989). Angular momentum could then be calculated by 
36 
 
using mass moments of inertia as well as angular velocities and accelerations using 
equations from Zatsiorsky, 
          (       )              (23) 
where    is the angular momentum about the X-axis,    ,    , and     are the mass 
moments of inertia about each axis,    is the angular acceleration about the X-axis, and 
         are the angular velocities about the Y- and Z-axes, respectively. The angular 
momentums about the Y- and Z-axes are found with equations in the same form as 
Equation 23 (Zarsiorsky 2002). 
 To calculate the forces in the hand and wrist, the forces measured by the 
dynamometer are rotated into the global coordinate system using a Z-X-Y rotation matrix 
and the Euler angles between the local dynamometer coordinate system and the global 
coordinate system. The force and moment data from the dynamometer are read into 
Vicon’s Nexus software as raw voltage data. That six-channel voltage data must be 
multiplied by a six by six sensitivity matrix in order to calculate forces and moments. The 
sensitivity matrix is the inverse of the calibration matrix. The calibration matrix is 
determined by the manufacturer to calibrate each individual dynamometer channel. The 
sensitivity and calibration matrices are provided by the dynamometer manufacturer, 
AMTI (Watertown, MA). Nexus calls for the sensitivity matrix to be entered in lbs and 
in*lbs which is then converted to N and Nmm by the software. The reaction forces and 
moments were calculated by: 
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  (24) 
where the reaction forces and moments are equal to the sensitivity matrix multiplied by 
the raw voltages of the dynamometer. 
The forces at the hand were calculated by the equation, 
 ̅    ̅       ̅         (25) 
where  ̅   is the force at the third metacarpal of the hand,  ̅  is the measured reaction 
force at the dynamometer,    is the mass of the hand, and  ̅ is the acceleration which, 
in this case, only has a gravity component in the global Y-direction. The forces at the 
wrist are then calculated using the following equation, 
 ̅   ̅        ̅          (26) 
where   ̅  is the force at the wrist and  ̅ is the linear acceleration of the hand. The force 
due to gravity is left out of this equation because the gravitational force due to the weight 
of the hand was already accounted for. Once the forces were found in global coordinates, 
they were rotated into local hand coordinates for more intuitive evaluation. 
 To calculate the moments at the hand and wrist, the moments measured by the 
dynamometer are rotated into the global coordinate system using the same rotation matrix 
and angles that were used to rotate the forces. The moments at the hand equaled the 
reaction moments. The moments at the wrist were found with the equation, 
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 ̅   ̅    ̅      ̅̅ ̅̅     ̅̅ ̅̅      ̅    ̅    ̅̅ ̅̅      ̅    (27) 
where ̅  is the resultant moment seen at the wrist center, ̅   is the resultant moment 
seen at the third metacarpal, and  ̅ is the angular momentum of the hand. Once the 
moments were found in global coordinates, they were rotated into local hand and wrist 
coordinates for more intuitive evaluation. 
 
2.4 SUBJECT POPULATION 
 The study was approved by the Institutional Review Board at Marquette 
University. The subject eligibility for this study was right-handed males and females 
between the ages of 18 and 30. There could be no history of injury or disorder to the right 
arm that could possibly affect wrist motion. People with allergies or intolerances to 
adhesive tape were also excluded because adhesive tape is necessary to attach the skin 
markers. Five males with an average age of 22.8 years old (range: 21-26, std: 1.92) and 
five females with an average age of 22.6 (range: 20-28, std: 3.13) were tested.  
 
2.5 EXPERIMENTAL PROCEDURE 
 The subjects were first directed through the standardized functional assessments 
(DASH and JHFT). Following the functional assessments, markers were placed on the 
subjects for the motion analysis testing. The subjects stood at an adjustable height table. 
The table was set so that the subject’s hand was at the same height as the handle 
attachment for the isometric push task when their right elbow was at his or her side at a 
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90 degree angle. The subject then completed three trials of each of seven different tasks, 
four analyzed only with kinematics and three analyzed with both kinematics and kinetics. 
 The subject’s forearm was rested on a pad so that it was in the pronated state, 
which is termed as the neutral position. The first task was a flexion/extension task (Figure 
2.3). The subject was directed to start at neutral position and first extend and then flex 
their wrist throughout their full range of motion three times. 
 
 
Figure 2.3 The flexion and extension task showing neutral (left), extension (middle), and 
flexion (right) 
 
 Next was a radial/ulnar deviation task (Figure 2.4). The subject started at neutral position 
and was directed to radially and ulnarly deviate the wrist through their full range of 
motion three times.  
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Figure 2.4 The radial (left) and ulnar (right) deviation task 
 
The third task was a pronation/supination task (Figure 2.5). Starting in the pronated state, 
the subject was to fully pronate and then supinate the forearm throughout their full range 
of motion three times.  
 
 
Figure 2.5 The pronation (left) and supination (right) or the forearm task 
 
Three trials were done for each of those activities. These trials were used to determine a 
functional, dynamic range of motion at the wrist. The final task that was only analyzed 
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with kinematics was a hammering task (Figure 2.6). The subject started with both hands 
flat on the table. When directed to begin, the subject picked up a rubber mallet, struck a 
target three times, and then placed the hammer on the table and returned to the starting 
point. This was repeated for three trials. 
 
 
 
Figure 2.6 The hammer task seen at the final position when the hammer strikes the target 
 
 
 For kinetic tasks, three different custom attachments were connected to a six-axis 
dynamometer to record force and moment data during each trial. Starting position for 
each task consisted of the subject having their hands flat on the table. The first task was a 
jar-opening task. The subject used an opposed palmar grip, shown in Figure 2.7, to 
unscrew a jar top and then screw it back onto the jar.  
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Figure 2.7 The jar-opening task showing the opposed palmar grip from vertical view(left) and angled 
view(right). 
 
 
The second task was to turn a door knob and pull to simulate opening a door. The 
subjects were directed to turn the knob in the clockwise direction and then pull towards 
themselves (Figure 2.8).  
 
 
Figure 2.8 The door-opening task: The initial position the knob was grasped (left) and then the final 
position after turning the know clockwise (right) are shown with the hand coordinate system. 
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The final task was to isometrically push on a handle for three seconds (Figure 2.9). Each 
of these tasks were demonstrated for the subject, and then the subject completed the task 
for three trials.  
 
 
 
 
Figure 2.9 Isometric push task with hand coordinate system labeled. The subject would push away 
from the body. 
 
 
2.6 DATA COLLECTION AND ANALYSIS 
 Data was collected using a 12-camera Vicon MX (Vicon Motion Systems, Oxford 
England) system and a six-axis dynamometer (AMTI, Watertown, MA).  The motion 
data were sampled at 120 Hz. The force data was sampled at 3000Hz. Vicon Nexus 
version 1.7 was used to anatomically label markers, apply a Woltring filter, and apply the 
dynamic model. A Woltring filter is equivalent to a double Butterworth filter. It allows 
for processing data with unequal sampling rates. The mean squared error (MSE) of the 
filter was 10mm
2
. The output data included marker positions; joint positions and angles; 
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segment center of gravity positions, linear velocities, linear accelerations, angular 
velocities, angular accelerations, and angular momentum; and forces and moments at the 
dynamometer, hand, and wrist throughout the entire capture time for each trial. Data was 
exported to CSV files where appropriate movement cycles were selected for analysis. 
Range of motion and maximum and minimum angles were found for each of the tasks to 
help define the kinematics. Peak forces and moments were also found for the kinetic 
tasks. These data were stratified by gender and compared using a Mixed Effects model 
with a random effect on each subject and a fixed effect on gender. This is very similar to 
a repeated measures ANOVA, only the variance is estimated using maximum likelihood, 
rather than the method of moments. Simple phase analyses were not sufficient to 
determine possible phase shifting between primary and secondary movements. 
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3. RESULTS 
 
3.1 STANDARDIZED FUNCTIONAL ASSESSMENTS 
 A summary of the results from the standardized functional assessments can be 
seen in Table 3.1. A DASH score of zero means that the subject answered that there was 
no difficulty in any of the 30 questions. That would indicate perfect wrist function by the 
DASH standards. The average score of the DASH scores for the ten subjects was 1.165 
with a range of 0-5.83. Every value seen was lower than the average normal DASH score 
reported by Hunsaker et al. in 2002 of 10.1. All of the scores seen were within one 
standard deviation of the values reported by Hunsaker et al. (Hunsaker 2002). The scores 
for all ten subjects were in the expected range that would classify the subject as having 
normal arm and wrist function. 
 The JFHT had each of the ten subjects perform seven tasks. Eleven out of the 70 
total times were outside of two standard deviations of the reported average value. Jebsen 
et al. reported only 10% of normal subjects fall above two standard deviations of the 
mean. Each of the male and female average times fall within the normal range published 
by Jebsen et al. when the test was first published. It is not uncommon for individual 
normal scores to fall above two standard deviations of the normal mean. This normal 
group reported 15.7% of normal scores falling above two standard deviations of the 
normal mean as opposed to 10% reported by Jebsen et al. (Jebsen 1969). 
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Table 3.1 Results of DASH and Jebsen Functional Hand test with reported normal values for the 
DASH by Hunsaker et al. and normal values for the Jebsen by Jebsen et al. (Hunsaker 2002, Jebsen 
1969). Values falling outside two standard deviations of the reported average normal values are 
highlighted. 
 
 
 
3.2 KINEMATIC TASKS 
 For the kinematic tasks, every trial for each subject was plotted to show the 
temporal motion of the primary and secondary movements of the task. This allows the 
consistency of the motion for each subject to be viewed as well as self-selected speed of 
the movement. Peak joint angles for each task were averaged for males and females and 
compared to see if there were any differences in motion due to gender. The secondary 
motion illustrates the amount of crossover motion into the secondary motion plane. 
 
3.2.1 WRIST FLEXION AND EXTENSION 
 Figure 3.1 shows the temporal motion of the wrist during one trial of the 
flexion/extension task for all ten subjects. The general pattern of primary motion was 
consistent for each subject. The peak values (Table 3.2, Figure 3.2) showed maximum 
Writing Card Turning Small Common Objects Simulated Feeding Checkers Large Light Objects Large Heavy Objects
Males
A 0.83 10.4 5.2 6.1 7.9 3.0 4.3 4.1
B 0.83 9.5 3.7 5.3 6.3 2.9 2.5 2.3
E 5.83 8.7 4.6 9.1 9.4 3.8 4.7 3.9
G 0 15.8 4.6 7.4 7.9 4.6 3.5 3.6
J 0.83 11.8 3.9 6.6 7.3 4.7 3.5 3.6
Males Average 1.664 11.24 4.4 6.9 7.76 3.8 3.7 3.5
Reported Males 10.1± 14.68 12.2± 3.5 4.0± 0.9 5.9± 1.0 6.4± 0.9 3.3± 0.7 3.0± 0.4 3.0± 0.5
Females
C 0 12.5 3.6 5.9 9.3 3.8 3.4 3.6
D 0 16.0 3.8 5.6 6.4 3.9 2.9 2.6
F 3.33 17.2 3.8 7.0 10.5 3.1 3.1 2.9
H 0 11.2 3.9 5.8 7.8 5.6 3.1 3.3
I 0 11.0 3.6 7.8 6.8 3.5 3.6 3.2
Females Average 0.666 13.58 3.74 6.42 8.16 3.98 3.22 3.12
Reported Females 10.1± 14.68 11.7± 2.1 4.3± 1.4 5.5± 0.8 6.7± 1.1 3.6± 0.6 3.1± 0.5 3.2± 0.5
Overall Average 1.165 12.41 4.07 6.66 7.96 3.89 3.46 3.31
Subject DASH
Jebsen Functional Hand Test
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flexion of 64.8 and 64.3 degrees for males and females, respectively, with a standard 
error of only 1.9 degrees. The maximum extension was 66.2 and 67.0 degrees for males 
and females, respectively, with a standard error of 2.6 degrees. The peak values of motion 
were consistent across subjects. There was no significant difference between the primary 
or secondary motions of males and females. This analysis showed that gender does not 
play a significant role in wrist flexion/extension ROM. Although the subjects were 
directed to isolate the flexion/extension movement, there was a significant amount of 
motion in the secondary plane during dynamic testing. There was a radial/ulnar deviation 
ROM of 14.8 and 19.7 degrees for males and females, respectively. There was a less 
consistent pattern for the secondary motion between subjects, although the radial/ulnar 
deviation pattern looks to be somewhat in sync with the flexion/extension pattern. It 
appears as if there is a slight ulnar deviation during flexion and a slight radial deviation 
during extension. 
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Figure 3.1 Primary and secondary wrist motion during self-selected speed dynamic flexion and 
extension task. Representative data from one of three trials is shown. Each color represents one trial 
of a subject. 
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Table 3.2 Peak relative angles of primary and secondary motions of the kinematic tasks comparing 
values for males and females. Maximum angles refer to flexion, ulnar deviation, and pronation. 
Minimum angles refer to extension, radial deviation, and supination. 
Activity 
 
Motion 
 
  
Max (°)  
(Flex, Ulnar Dev, Pro) 
  
  
Min (°) 
(Ext, Radial Dev, Sup) 
  
Male Female P-Value Male Female  P-Value 
Flexion/Extension 
Flex/Ext  64.8 64.3 0.86 -66.2 -67.0 0.83 
R/U Dev 7.2 7.8 0.87 -7.5 -11.9 0.20 
Radial/Ulnar 
Deviation  
R/U Dev 24.2 19.0 0.24 -27.4 -29.2 0.67 
Flex/Ext 0.82 8.2 0.17 -21.8 -28.0 0.43 
Pronation/Supination 
Pro/Sup 176.1 184.7 0.066 36.0 27.2 0.21 
Flex/Ext 22.2 24.6 0.82 -17.8 -17.5 0.95 
Hammer 
Flex/Ext -1.8 -0.022 0.71 -48.3 -49.5 0.72 
R/U Dev 24.2 19.4 0.21 -8.8 -11.7 0.38 
 
 
 
 
Figure 3.2 Comparison of primary and secondary movements of males vs. females for the 
flexion/extension task 
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3.2.2 WRIST RADIAL/ULNAR DEVIATION 
 Figure 3.3 shows the primary and secondary motion of the wrist during the 
radial/ulnar deviation task for all ten subjects. The primary motion of radial/ulnar 
deviation shows a consistent motion pattern as well as ROM. The self-selected speed 
differs between subjects. The average maximum radial deviation was 27.4 and 29.2 
degrees for males and females, respectively, with a standard error of 2.9 degrees. The 
average maximum ulnar deviation was 24.2 and 19.0 degrees for males and females, 
respectively, with a standard error of 3.1 degrees (Figure 3.4). The peak angles for the 
primary motion were consistent across all subjects. There was no statistically significant 
difference between males and females for primary or secondary movement peak values. 
There is a reported greater total ROM in females for secondary wrist flexion/extension 
during radial/ulnar deviations; however, that result should be viewed hesitantly due to no 
significant difference in either peak flexion or extension alone. Although the subjects 
were directed to isolate the radial and ulnar deviation, a significant amount of secondary 
movement in the flexion/extension plane was observed. There was a total 
flexion/extension ROM of 22.6 and 36.2 degrees for males and females, respectively. 
There was very little consistency in the secondary motion movement pattern and peak 
values. 
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Figure 3.3 Primary and secondary motion during radial and ulnar deviation task at a self-selected 
speed. Representative data from one of three trials is shown. Each color represents one trial of each 
subject. 
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Figure 3.4 Comparison of primary and secondary movements of males vs. females for the 
radial/ulnar deviation task 
 
 
 
3.2.3 PRONATION/SUPINATION 
 Figure 3.5 shows the primary and secondary movement during the 
pronation/supination task for all ten subjects. For pronation and supination tasks with the 
subject’s arm in front of his or herself, neutral position is estimated to be at 90 degrees. 
Any angle values higher than 90 degrees are defined as pronation and any angle values 
below 90 degrees are defined as supination. The primary motion pattern and ROM are 
very consistent. The self-selected speeds differ across subjects. The maximum pronation 
was 176.1 and 184.7 degrees for males and females, respectively, with a standard error of 
3.1. The maximum supination was 36.0 and 27.2 degrees for males and females, 
respectively, with a standard error of 4.8 degrees (Figure 3.6). The peak angles of the 
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primary motion were consistent across all subjects. Females had a statistically greater 
ROM in total pronation/supination than males (P-value=0.043 with α=0.05). This should 
be viewed cautiously because the maximum pronation and supination values between 
males and females showed no significant difference. The secondary motion of the wrist in 
flexion/extension during pronation supination had a consistent pattern, but variable 
magnitudes between subjects. There is a general wrist flexion during pronation and wrist 
extension during supination. The average maximal wrist flexion was 22.2 degrees for 
males and 24.6 for females. The average maximal wrist extension was 17.8 degrees for 
males and 17.5 degrees for females. 
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Figure 3.5 Primary and secondary wrist motion during pronation and supination task at a self-
selected speed. Representative data from one of three trials is shown. Each color represents one trial 
of each subject. 
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Figure 3.6 Comparison of primary and secondary movements of males vs. females for the 
pronation/supination task 
 
 
 
 
3.2.4 HAMMER 
 The kinematic hammering task is slightly different than the previous kinematic 
tasks. It was expected to be a combination of elbow flexion/extension, wrist radial/ulnar 
deviation, and wrist flexion/extension. The elbow flexion/extension will be disregarded 
due to the concentration on the wrist. Radial/ulnar deviation was assumed to be the 
primary motion during hammering; however, there was a significant amount of wrist 
flexion/extension as well (Figure 3.7). There was a consistent pattern of movement. As 
the hammer approached striking, the wrist ulnarly deviated and went from extended back 
to neutral or slightly extended. There was more consistency in maximal flexion/extension 
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than in radial/ulnar deviation. The average maximal ulnar deviation was 24.2 and 19.4 
degrees for males and females, respectively, with a standard error of 2.6 degrees. The 
average maximal radial deviation was 8.8 and 11.7 degrees for males and females, 
respectively, with a standard error of 2.3 degrees. The average maximal flexion was -1.8 
and -0.02 degrees for males and females, respectively, with a standard error of 3.4 
degrees. The average maximal extension was 48.3 and 49.5 degrees for males and 
females, respectively, with a standard error of 2.4 degrees (Figure 3.8). The primary and 
secondary wrist motions during the task seemed to be related to each other; however, the 
movements were too complex to be analyzed with a simple phase analysis. There were 
not significant differences in wrist motion due to gender seen in the hammering task. 
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Figure 3.7 Primary and secondary wrist motion during a hammering task at a self-selected speed. 
Representative data from one of three trials is shown. Each color represents one trial of each subject. 
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Figure 3.8 Comparison of primary and secondary movements of males vs. females for the hammer 
task 
 
 
3.3 KINETIC TASKS 
 For each of the kinetic tasks, kinetic and kinematic data were acquired. The 
primary and secondary wrist motions of each task were plotted for a temporal view of 
each trial for each subject. This was done so that each of the kinetic tasks could be 
analyzed in the same fashion as the kinematic tasks. In addition to the primary and 
secondary motions of the task, the forces and moments at the wrist joint center in the X,Y, 
and Z components of the hand segment were plotted. This allows for an illustration of the 
total resulting force seen at the wrist joint for each of these tasks and how the forces 
change over time. Average maximal forces and moments were calculated for males and 
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females for comparison between the two populations in order to determine if there are 
differences due to gender. 
 
Table 3.3 Average peak angles of primary and secondary motions of the kinetic tasks comparing 
values for males and females. Maximum angles refer to flexion, ulnar deviation, and pronation. 
Minimum angles refer to extension, radial deviation, and supination. 
Activity Motion 
Max (°) 
(Flex, Ulnar Dev, Pro) 
 
Min (°) 
(Ext, Radial Dev, Sup) 
Male Female P-Value Male Female P-Value 
Isometric Push 
Flex/Ext -14.5 -14.6 0.9793 -40.147 -46.5 0.0709 
Rad/Uln Dev 4.4 2.9 0.16494 -11.209 -14.56 0.3367 
Door-Opening 
Pro/Sup 169.4 167.2 0.6277 104.4 101.1 0.8206 
Rad/Uln Dev 24.1 18.0 0.0325 -8.8 -13.0 0.2884 
Jar-Opening 
Rad/Uln Dev 19.9 20.2 0.948 -24.3 -26.4 0.6883 
Flex/Ext 29.6 43.6 0.0786 -35.1 -43.5 0.1551 
 
Table 3.4 Average peak forces and moments in the hand coordinate system components of the kinetic 
tasks comparing values for males and females. The positive or negative values give directionality of 
the forces and moments in the coordinate system. 
Task 
Force 
 
Peak Force Value (N) Moment 
 
Peak Moment Value (Nmm) 
Male Female P-Value Male  Female  P-Value 
Isometric Push 
FX -49.1 -49.2 0.999 MX -3267.3 -4617 0.272 
FY 86.3 64.7 0.271 MY -4608 -4730.6 0.748 
FZ 19.4 34.3 0.117 MZ -6229.9 -5360 0.497 
Door-Opening 
FX 9.3 13.2 0.1 MX -5591 -5825 0.761 
FY -40.5 -50.1 0.331 MY 1348.4 1491.2 0.6534 
FZ 18.8 20.0 0.88 MZ 1277 1740.2 0.407 
Jar-Opening 
FX  -10.1 -14.0 0.2342 MX -2167 -2941.5 0.297 
FY -12.9  -16.7 0.2591 MY 1404.5 2279.5 0.234 
FZ 23.3 30.9 0.336 MZ 2158.2 2851.7 0.265 
 
 
3.3.1 JAR-OPENING TASK 
 Figure 3.9 shows the primary and secondary wrist movements for the jar-opening 
as well as the force and moment components seen in the hand coordinate system during 
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the task. The movements during this task were relatively consistent between subjects. The 
primary motion of radial ulnar deviation showed general movement from 25.35 degrees 
radially deviated to 20.05 degrees ulnarly deviated while loosening and tightening the jar 
lid. The secondary motion of wrist flexion/extension was less consistent but there was a 
general extension of the wrist during radial deviation and a general flexion of the wrist 
during ulnar deviation. There were greater differences between subjects in the secondary 
motion of this task. There was no statistical difference in motions between males and 
females. 
 The greatest forces and moments were generally seen when the subject initially 
loosened the jar. A summary of those values can be seen in Table 3.4 and Figure 3.10.  
There were forces in each of the three hand coordinate directions with the majority of the 
forces seen in the horizontal plane in the Y and Z axes directions. These peaks were 
consistent through all subjects. There were occasional spikes in forces from some of the 
subjects during the task at varying points. These peaks create some variance between 
subjects in the peak forces seen during the tasks. The moments about the hand coordinate 
axes had similar peaks at the beginning of the task. During the initial loosening of the jar 
lid, the largest moments are about the Z-axis which points horizontally to the left of the 
subject and the X-axis which points vertically. Similarly to the forces, there were also 
occasional peaks in moments seen that create some variance in the peak moments seen 
during the task. 
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Figure 3.9 The primary and secondary motion of the jar-opening task at a self-selected speed with 
the X-Y-Z force and moment components in the hand coordinate system shown. Data from one of 
three trials is shown. Each color represents one trial of each subject. 
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Figure 3.10 Comparison of force components of males vs. females in the jar-opening task 
 
 
 
 
3.3.2 DOOR-OPENING TASK 
Figure 3.11 shows the primary and secondary wrist movements for the door-
opening task as well as the force and moment components seen in the hand coordinate 
system during the task. The movements during this task were very consistent between 
subjects. The primary motion of pronation/supination showed general movement from 
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to simulate door-opening were consistent throughout subjects for magnitude and timing. 
However, males had a statistically larger average maximum ulnar deviation than females.   
 The greatest forces and moments were generally seen when the subject was 
pulling the knob towards themselves. A summary of those values can be seen in Table 
3.4 and Figure 3.12.  Although there were significant forces in each of the hand 
coordinate system components, the largest force was seen in the Y-axis direction. The 
major resulting force at the wrist joint was pointing away from the subject’s body. These 
peaks were consistent through all subjects. There were forces in the other X and Z axes 
directions, but those were less consistent between subjects. The magnitudes of these 
forces were significant but there was considerable variation in pattern. The largest 
moment seen during this task was about the X-axis. For the majority of the subjects, at 
the time of pulling the knob, the X-axis pointed to the left in reference to the subject. 
These moments were consistent between the subjects. The moments about the Y and Z 
axes were smaller in magnitude but still significant. These moments were less consistent 
between subjects and had a variation in pattern. 
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Figure 3.11 The primary and secondary motion of the door-opening task at a self-selected speed with 
the X-Y-Z force and moment components in the hand coordinate system shown. Data from one of 
three trials is shown. Each color represents one trial of each subject. 
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Figure 3.12 Comparison of force components of males vs. females in the door-opening task 
 
 
 
3.3.3 ISOMETRIC PUSH TASK 
 Figure 3.13 shows the primary and secondary wrist movements for the isometric 
push task as well as the force and moment components seen in the hand coordinate 
system during the task. There is a lot of inconsistency in the movements involved with 
this task. As directed, the wrist stayed relatively still during the pushing. It was generally 
extended to some degree while pushing, with an average maximal extension of 43.3 
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slight radial deviation. There was no significant difference between males and females 
for wrist motion.  
The directions of the forces were consistent between all subjects. The magnitude 
of the forces and moments varied considerably between subjects with peak forces and 
moments occurring during the isometric push. A summary of those values can be seen in 
Table 3.4 and Figure 3.14. Due to the wrist extension, the largest forces were seen in the 
X- and Y-axis directions. The resulting force from the combination of the forces is 
approximately pointing superiorly along the forearm of the subject. There were smaller 
forces in the Z-axis direction which were inconsistent between subjects. The largest 
moment was about the Z-axis, which pointed to the left during the task. There were 
moments about the X and Y axes; however, they were not as large. All of the moments 
were somewhat consistent between subjects. There were no significant differences in 
forces or moments between males and females. 
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Figure 3.13 The primary and secondary motion of the isometric push task at a self-selected speed 
with the X-Y-Z force and moment components in the hand coordinate system shown. Data from one 
of three trials is shown. Each color represents one trial of each subject. 
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Figure 3.14 Comparison of peak force components of males vs. females in the isometric push task 
 
 
3.4 SIGNIFICANT DIFFERENCES 
 In all of the variables tested, there were only three that showed a statistically 
significant difference in performance between males and females at an α of 0.05 (Figure 
3.15). Females had a greater secondary ROM of the radial/ulnar deviation task and 
greater primary ROM in the pronation/supination task. Males had a greater degree of 
ulnar deviation during the door-opening task. There were no significant differences found 
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 Figure 3.15 Statistically significant differences between males and females (α=0.05)  
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4. DISCUSSION 
 The goal of this study was to create a dynamic UE model to test wrist function 
during ADLs. The model was created and applied to test ten normal subjects in order to 
demonstrate possible clinical uses. This study was unique in that it combined full UE 
kinematics with six-axis resultant kinetics at the wrist joint. The setup allows for various 
tasks to be tested dynamically by creating new attachments that could be connected to the 
dynamometer. Variance in results could be due to strategic differences in task completion. 
The different strategies could be due to either personal preference of subjects or 
difference in wrist function. Variables that have large variances in a single population 
type are poor candidates for comparisons of different populations but can still be good for 
comparisons of pre- and post-treatment in a clinical setting.  
Two commonly used standardized functional assessment tools were also tested to 
compare to the results of the created model. The DASH gave expected results, with all 
the subjects’ scores falling within the published normal range. The DASH does seem to 
have some value in order to gain a quick, objective view of hand and wrist function. It 
would also be valuable to track individual progress pre- and post-treatment or 
comparisons of different populations. It becomes difficult to compare results within a 
population with a similar level of wrist function. One reason for this may be that the 
personal interpretations of the survey and scales used to grade each question can vary, 
leading people with similar wrist function to have a wide range of scores. The JFHT 
showed more variability within the normal population. Eleven out of the total 70 scores 
fell outside two standard deviations of the published normal averages, which could lead 
the tester to believe that some of the subjects had decreased wrist function. This should 
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not be the case because one of the inclusion criteria for the subjects was to have no injury 
or pathology history that could affect wrist function. The results of the JFHT lead to 
questions of how you determine what time scores actually imply decreased function. One 
issue encountered was that not all of the subjects tested knew how to write in cursive. 
This skewed the results for the writing subtest because many subjects wrote more slowly 
than they could print. The JFHT results do not seem reliable to define normal wrist 
function. 
 The kinematic tasks were used to reveal a functional, dynamic range of motion. 
The flexion/extension task showed slightly smaller ROM than the AAOS reported values 
by Boone et al. (Boone 1979). It is possible that in a dynamic movement setting, it is not 
normal for a full range of motion to be used. Another possibility is that there is a smaller 
range of motion while in the pronated state, as opposed to a neutral forearm. In the radial 
ulnar deviation task, radial deviation was 9.3 degrees larger and ulnar deviation was 11.4 
degrees smaller than the AAOS reported values from Boone et al. (Boone 1979).  Again, 
this is most likely due to the forearm being in the pronated state, leading to a different 
ROM in the wrist. The combinations of primary and secondary movements were also 
used to demonstrate that it is difficult to isolate a single plane of wrist motion without any 
external limitation. In all of the tasks, there was crossover between the primary and 
secondary movement. This is most likely due to the muscles in the forearm being 
bifunctional. For example, primary radial and ulnar deviators also have secondary 
function as flexors or extensors (Levangie 2001). In all tasks, there were consistently 
minimal significant differences between the male and female populations. Given the 
amount of variables compared, it would be expected to get a few false positive results, 
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implying a difference between the two populations. Due to the overall overwhelming 
similarity between populations in the tests, any p-value close to the alpha of 0.05 needs to 
be viewed skeptically. Although the speed of task completion was not analyzed 
statistically, it is clear from the data that there is some variability in completion time 
between subjects. Speed was self-selected so it may be possible that there is a normal 
range of speed that a subject with a healthy wrist will move at to complete each task. This 
is a similar idea that is used in gait. Gait analysis uses self-selected speeds, and a speed 
that is too slow implies a degree of disability. Given further testing, this concept could 
possibly be used with the wrist given further testing. Testing a large normal group of 
subjects could define an average and normal range of times it takes to complete the tasks. 
 In analysis of the hammering task, it is possible to compare the wrist motions 
used with the functional range of motions found in the other kinematic tests. During the 
hammering task, the ulnar deviation seen was slightly higher than what was seen in the 
radial/ulnar deviation task. This could be due to a few factors. The hammering task was 
done in closer to a neutral forearm angle and the torque at the wrist due the weight of the 
rubber mallet could create a greater range of motion. During the back swing of 
hammering, about 36% of the full radial deviation ROM and about 73% of the full 
extension ROM was used. In general, no flexion was used during this task. In this subject 
group, loss of a significant amount of ROM would not seem to have an affect the ability 
to hammer a nail naturally. There was minimal variability between different subjects. 
There seems to be a consistent strategy throughout this normal population to complete the 
hammering task. An altered strategy and movement during this task could imply a 
decreased or altered wrist function. 
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 During the jar-opening task, the subjects used 89.6% of their functional radial 
deviation ROM and 92.8% of their functional ulnar deviation ROM. The subjects used 
similar strategies which combined radial/ulnar deviation and wrist flexion/extension. 
There were some differences in ROM between subjects. This is most likely due to 
differences in finger movements during the task. It is possible for subjects to use their 
finger dexterity to different degrees to aid with loosening the jar lid. The jar-opening task 
was a difficult task to analyze due to the length and amount of movement cycles it took to 
complete. The maximal wrist extension occurred in most subjects during the starting 
position or when the jar lid was removed, not actually during the loosening of the jar. The 
peak forces and moments were seen consistently at the beginning of the task for the 
initial loosening. There were not the same consistent peaks during the tightening because 
it took subjects a different amount of time to complete the task. There were random peaks 
in forces and moments for some subjects that look to be abnormal for the movement. It is 
possible that these peaks could be caused by attempts to pull the lid off before it was 
loosened all the way or due to differing forces with which the lid was replaced. Possible 
differences in peak forces and moments when tightening the lid or radial/ulnar deviation 
ROM during this task are possible variables that could have clinical significance in 
tracking treatment progress viewing severity of injury or disability. 
 During the door-opening task, the subjects used, on average, 44.0% of their 
functional pronation/supination ROM. The average maximal ulnar deviation was greater 
than that seen in the functional ROM test. This may be due to the fact that during the 
door-opening task, the forearm ends up in a neutral state which may lead to a greater 
range of motion. The motions of the door-opening task were consistent between subjects 
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partially due to the demonstration of the task, directing the subjects to turn the knob in a 
clockwise direction. The forces had variability that can be accounted for with the 
differences in degrees of pronation/supination of the subject’s forearm when pulling the 
knob. The forces and moments are reported with respect to the coordinate system of the 
hand. The X and Z axes of the hand rotate when the forearm is pronated or supinated. 
This may help explain the large differences seen in the forces and moments for subject E. 
Subject E pulled the knob from a supinated state, causing the change in direction of the X 
and Z axes in comparison with the rest of the subjects. Other than that subject, the forces 
and moments were consistent in direction and magnitude. With more specific direction to 
initial hand placement, this test could be used to find differences in wrist function. 
 In the isometric push task, 65% of the subject’s functional extension ROM was 
used. This task was used to simulate wrist function that can be seen in pushing a 
shopping cart, bench pressing, or pushing a bar to open a door among other activities. 
Another purpose was to insure the kinetic model was working properly. It was very clear 
what the main direction of force in the global coordinate system would be. This served as 
a final check for each subject to assure that the forces had the correct directionality. 
Overall, there was a noticeable variance between subjects in magnitude of force. 
Differences in forces in the hand coordinate system had to do with the amount of 
extension in the wrist. When the wrist was extended more, a greater portion of the total 
force was seen in the X-axis direction. This test could possibly be used to view wrist 
stability. If the wrist is not stable, it will extend and/or deviate towards the radius or the 
ulna during the push. Greater ROM during this task could be a sign of wrist instability. 
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The total force is more likely a function of overall arm strength than being a function of 
wrist strength. 
A sample size of 126 is adequate to give an 80% probability that a difference will 
be detected if the true difference is a 10% change the normal value (Table 4.1). This is 
with an alpha of 0.05 and standard errors and normal subject averages found in this pilot 
study. The suggested sample sizes are large due to relatively large standard errors found 
in testing. Differences between subjects were large because movements were not 
restricted at all. This allowed for strategic differences in task completion to be present. 
Adjustments of the protocol could lead to smaller standard errors, which would make the 
suggested sample sizes smaller.  
Table 4.1 Power analysis results  
Task Motion/Force Normal Subject Ave 10% of Normal Error Sample Size Power 
Flex/Ext Extension (°) 66.62 6.662 2.59 8 80 
Rad/Uln Radial Dev (°) 27.63 2.763 2.33 26 80 
Pro/Sup Supination (°) 58.38 5.838 4.751 24 80 
Hammer Ulnar Dev (°) 21.8 2.18 2.606 48 80 
Iso Push FY (N) 75.5 7.55 13.5 104 80 
  MZ (Nmm) -5794.9 -574.49 888.6 16 80 
  Extension (°) 43.3 4.33 2.351 12 80 
Door FY (N) -45.3 -4.53 6.83 74 80 
  MX (Nmm) -5708 -507.8 537.2 30 80 
  Pronation (°) 78.3 7.83 3.241 8 80 
Jar FZ (N) 27.1 2.71 5.386 126 80 
  MX (Nmm) -2554.3 -255.43 506.8 126 80 
  Radial Dev (°) 25.35 2.535 3.607 66 80 
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5. CONCLUSION 
5.1 SUMMARY 
 The goal of this study was to create a novel 3D UE dynamic model with a focus 
on wrist function that would give more information than currently available from existing 
functional assessment tools. The model was created with a six-axis dynamometer with 
multiple attachments so that motions, forces, and moments could be simultaneously 
recorded for a multitude of different tasks. The model was applied during tests of a 
normal control population of ten adult subjects. Seven tasks were chosen, four kinematic 
and three dynamic (both kinetic and kinematic), to demonstrate the capabilities of the 
model. The model demonstrated the capability to evaluate tri-axial forces and moments at 
the dynamometer, hand, and wrist, as well as full UE kinematics.  
Males and females were compared in maximal ROM and maximal forces and 
moments. Overall, the data showed consistent results for the population. There were very 
few significant differences between male and female subjects for any of the tasks. 
Females had significantly larger ROM in radial/ulnar deviation and pronation/supination 
during the functional ROM tasks. Males had a significantly larger amount of ulnar 
deviation during the door-opening task. The functional ROMs of the subjects were close 
to that of reported ROMs by the AAOS. Differences could be due to the motions taking 
place in a pronated forearm state as opposed to the neutral state or differences between 
individuals. Joint angles and wrist joint reaction forces reported for each task were of 
reasonable values. 
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5.2 FUTURE DIRECTIONS 
 There are many possibilities for future use of this model. An obvious direction 
would be to use this model and protocol to test a normal subject group versus a 
pathologic group to determine the ability to discriminate between two functionally 
different populations. A larger sample size of normal subjects could also be used to 
attempt to define and categorize a normal range of results for these or other tasks. Speed 
of task completion is another area of analysis that could show promise for defining 
normal wrist function. Phase analysis between primary and secondary movements of the 
wrist or between different subjects could also be done. The data was found to be too 
complex for a simple phase analysis and would require non-linear Bayesian and Gaussian 
models in order to do this type of analysis, which is beyond the scope of this current 
study.  
 Each of the specific tasks could be altered in order to test variables that could 
relate to wrist function. The functional ROM tasks could be repeated in a neutral position 
after they are done in the pronated state to see if pronation (a common wrist position for 
typing and other activities) affects the ROM of the wrist. Hammer head velocity and 
accelerations could be viewed. The jar-opening protocol could be changed to attempt to 
standardize initial tightness of the lid using a torque meter. Analysis could focus on 
specific portions of the task to make the data more manageable. The door-opening task 
could have a specified position for initial grasping of the knob so that each subject is 
pulling on the knob at similar states of pronation/supination. The isometric push task 
could view the ratio of total force versus wrist extension as a possible measure of wrist 
stability. New dynamic functional tests could be created by making new attachments to 
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the dynamometer. This model is simple to use with any customized attachment that can 
be assumed to be a rigid body. A final consideration for future development is the 
inclusion of a triaxial (biplanar) fluoroscopy system to index carpal kinematics during 
task performance.  The combination of a ‘hybrid’ system that included the current 
dynamic (kinematic, kinetic) and future fluoroscopic components could offer new insight 
into the in vivo function of the carpus during routine as well as rehabilitative activities. 
 
5.3 CONCLUDING REMARKS 
 This study presents a novel 3D UE dynamic model that concentrates on wrist 
dynamics. The protocol used demonstrates the potential for this model to quantitatively 
describe wrist function during various ADLs and compare multiple populations. The 
results of this study give much more information about wrist function than currently used 
functional assessment tests such as the DASH and the JHFT. This model shows potential 
for baseline assessment, pre- and post-treatment comparison, and follow-up care of the 
wrist.  
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APPENDIX A: STANDARDIZED FUNCTIONAL ASSESSMENT MATERIAL 
Jebsen Functional Hand Test Directions (Jebsen 1969) 
Writing 
“Do you require glasses for reading? If so, put them on. Take this pen in your right hand 
and arrange everything so that it is comfortable for you to write with your hand. On the 
other side of this card (indicate) is a sentence. When I turn the card over and say ‘Go,’ 
write the sentence as quickly and as clearly as you can using you hand. Write, do not 
print. Do you understand? Are you ready? Go.” 
Card Turning 
“Place you right hand on the table please. When I say ‘Go,’ use your right hand to turn 
these cards over one at a time as quickly as you can, beginning with this one (indicate 
card on extreme right ). You may turn them over in any way that you wish and they need 
not be in a neat pattern when you finish. Do you understand? Ready? Go.” 
Small Common Objects 
“Place your right hand on the table please. When I say ‘Go,’ use your right hand to pick 
up these objects one at a time and place them in the can as fast as you can beginning with 
this one (indicate the paper clip on the extreme right). Do you understand? Ready? Go.” 
Simulated Feeding 
“Take the teaspoon in your right hand please. When I say ‘Go,’ use your right hand to 
pick up these beans one at a time and place them in the can as fast as you can beginning 
with this one (indicate bean on the extreme right). Do you understand? Ready? Go.” 
Checkers 
Place your right hand on the table please. When I say ‘Go,’ use your right hand to stack 
these checkers on the board in front of you as fast as you can like this, one on top of the 
other (demonstrate). You may begin with any checker. Do you understand? Ready? Go.” 
Large Light Objects 
“Place your right hand on the table please. When I say ‘Go,’ use your right hand to stand 
these cans on the board in front of you like this (demonstrate). Begin with this one 
(indicate can on extreme right). Do you understand? Ready? Go.” 
Large Heavy Objects 
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“Now do the same thing with these heavier cans. Place your right hand on the table 
please. When I say ‘Go,’ use your right hand to stand these cans on the board as fast as 
you can. Begin with this one (indicate can on extreme right). Do you understand? Ready? 
Go.” 
 
DASH Questionnaire  
Please rate your ability to do the following activities in the last week by circling the 
number below the appropriate response. 
Scale: 1. No Difficulty, 2. Mild Difficulty, 3. Moderate Difficulty, 4. Severe Difficulty, 5. 
Unable 
1. Open a tight or new jar. 
2. Write. 
3. Turn a key. 
4. Prepare a meal. 
5. Push open a heavy door. 
6. Place an object on a shelf above your head. 
7. Do heavy household chores (e.g. wash walls, wash floors). 
8. Garden or do yard work. 
9. Make a bed. 
10. Carry a shopping bag of briefcase. 
11. Carry a heavy object (over 10 lbs.). 
12. Change a light bulb overhead. 
13. Wash or blow dry your hair. 
14. Wash your back. 
15. Put on a pullover sweater. 
16. Use a knife to cut food. 
17. Recreational activities which require little effort (e.g. cardplaying, knitting, etc.). 
18. Recreational activities in which you take some force or impact through your arm, 
shoulder, or hand (e.g. golf, hammering, tennis, etc.). 
19. Recreational activities in which you move your arm freely (e.g. playing Frisbee, 
badminton, etc.). 
20. Manage transportation needs (getting from one place to another). 
21. Sexual activities. 
Scale: 1. Not at all, 2. Slightly, 3. Moderately, 4. Quite a bit, 5. Extremely 
22. During the past week, to what extent has your arm, shoulder, or hand problem 
interfered with your normal social activities with family, friends, neighbors, or 
groups?  
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23. During the past week, were you limited in your work or other regular daily 
activities as a result of your arm, shoulder or hand problem? 
Scale: 1. None, 2. Mild, 3. Moderate, 4. Severe, 5. Extreme 
24. Arm, shoulder or hand pain. 
25. Arm, shoulder or hand pain when you performed any specific activity 
26. Tingling (pins and needles) in your arm, shoulder or hand. 
27. Weakness in your arm, shoulder or hand. 
28. Stiffness in your arm, shoulder, or hand. 
Scale: 1. No difficulty, 2. Mild difficulty, 3. Moderate difficulty, 4. Severe 
difficulty, 5. So much difficulty that I can’t sleep 
29. During the past week, how much difficulty have you had sleeping because of the 
pain in your arm, shoulder or hand? 
Scale: 1. Strongly disagree, 2. Disagree, 3. Neither agree nor disagree, 4. Agree, 5. 
Strongly Agree 
30. I feel less  capable, less confident or less useful because of my arm, shoulder or 
hand problem 
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APPENDIX B: SOURCE CODE 
 
Model Code: BodyBuilder (*.mod) 
 
{* V1 created 5/15/2008      Brooke Slavens *} 
{* V2 updated 10/27/2010     John Jameson *} 
{* V3 updated 6/14/2011      Tamara Cohen    *} 
{* V4 updated 1/14/2012      Patrick Roscher *} 
{* ============================================================================ 
*} 
{* This is a kinematic  and kinetic model of the right upper extremity to be    *}  
{* used for evaluating wrist motion and forces in 3D.                  *}  
{* It uses 17 markers with 4 body segments (trunk, right humerus, right forearm,*} 
{* and right hand) and a Dynamometer segment.       *} 
{* Neutral position is defined with arms in anatomical position. 14 mm markers  *}  
 
{* ============================================================================ 
*} 
{* Segment def:Segment CS = [origin, 1st vector,2nd vector,axes assignment=abc] *}  
{* Meaning [a=first vector, b=2nd vector crossed with the 1st vector,  *} 
{* c=third vector based on the right hand rule, abc  *}  
{* ============================================================================ 
*} 
 
 
{* ============================================================================ 
*} 
{* Points which may not be present in every trial    *} 
{* ============================================================================ 
*} 
 
 OPTIONALPOINTS(RM2,RM3,RM5,OBJ,LDYN, RDYN, FDYN, BDYN ) 
 OPTIONALPOINTS(RRAD,RULN,RLE,RME,OLC)  
 OPTIONALPOINTS(RACR,LACR,SPC7,STRN) 
 
{* ============================================================================ 
*} 
{*     MACRO SEGVIS     *} 
{* When called, this macro outputs the origin of the specified segment,  *}  
{* along with a point 100mm along each axis. Each begins at a point from the  *} 
{* origin at zero.        *} 
{* ============================================================================ 
*} 
 
 macro SEGVIS(Segment) 
 ORIGIN#Segment=0(Segment) 
87 
 
 AXIS_x#Segment=0(Segment)+(1(Segment)*100) 
 AXIS_y#Segment=0(Segment)+(2(Segment)*100) 
 AXIS_z#Segment=0(Segment)+(3(Segment)*100) 
 OUTPUT(ORIGIN#Segment,AXIS_x#Segment,AXIS_y#Segment,AXIS_z#Segment) 
 endmacro 
{* ============================================================================ 
*} 
{* Macros used for kinetic calculations of hand and wrist forces                *} 
{* ============================================================================ 
*} 
 
 macro CROSS (First, Second, Result) 
 Result = { First(2)*Second(3)-First(3)*Second(2), First(3)*Second(1)-
First(1)*Second(3),First(1)*Second(2)-First(2)*Second(1)} 
 endmacro 
 
 macro DotProduct (One,Two,DotProd) 
 DotProd = (1(One)*1(Two)+2(One)*2(Two)+3(One)*3(Two)) 
 endmacro 
 
 macro MOMENTMULT1 (One, Two,Three,Four,Result) 
 Result = (1(One)*1(Two)+2(One)*1(Three)+3(One)*1(Four)) 
 endmacro 
 
 macro MOMENTMULT2 (One, Two,Three,Four,Result) 
 Result = (1(One)*2(Two)+2(One)*2(Three)+3(One)*2(Four)) 
 endmacro 
 
 macro MOMENTMULT3 (One, Two,Three,Four,Result) 
 Result = (1(One)*3(Two)+2(One)*3(Three)+3(One)*3(Four)) 
 endmacro 
 
 macro Eulerderiv(Angle) {* b/c of ZXY rotation sequence 1=z,2=x,3=y *} 
 Angle#_dZ=(((Angle(1)[1])-(Angle(1)[-1]))*(120/2)) 
 Angle#_dX=(((Angle(2)[1])-(Angle(2)[-1]))*(120/2)) 
 Angle#_dY=(((Angle(3)[1])-(Angle(3)[-1]))*(120/2)) 
 Angle#_dt={Angle#_dZ,Angle#_dX,Angle#_dY} 
  output(Angle#_dt)  
 endmacro 
 
 macro ANGVEL1(Angle,dAngle) {* b/c of ZXY rotation sequence 1=z,2=x,3=y, units 
converted to [rad/s] b/c of Vaughan *} 
 Angle#_avX=(dAngle(2)*COS(Angle(3))-
dAngle(1)*SIN(Angle(3))*COS(Angle(2)))*(3.1415926/180) 
 Angle#_avY=(dAngle(3)+dAngle(1)*SIN(Angle(2)))*(3.1415926/180) 
 Angle#_avZ=(dAngle(1)*COS(Angle(3))*COS(Angle(2))+dAngle(2)*SIN(Angle(3)))*(3.1415
926/180) 
 output(Angle#_avX, Angle#_avY, Angle#_avZ)  
88 
 
 endmacro 
 
{* (1/2t) = 1/(2/120) = 120/2 , units of aa = [rad/s^2] *} 
 macro ANGACCX(Angle,avAngle) 
 Angle#_aaX=(((avAngle[1])-(avAngle[-1]))*(120/2))  
 output(Angle#_aaX)    
 endmacro 
 
 macro ANGACCY(Angle,avAngle) 
 Angle#_aaY=(((avAngle[1])-(avAngle[-1]))*(120/2))  
  output(Angle#_aaY)   
 endmacro  
 
 macro ANGACCZ(Angle,avAngle) 
 Angle#_aaZ=(((avAngle[1])-(avAngle[-1]))*(120/2))  
  output(Angle#_aaZ)  
 endmacro  
 
 macro VCGSEG(Point) 
 Point#v=(Point[1]-Point[-1])*(120/2) 
        output(Point#v)  
 endmacro 
 
 macro ACGSEG(Point) 
 Point#a=(Point[1]-Point[-1])*(120/2) 
  output(Point#a)  
 endmacro 
 
{* Calculate elements of the ZXY rotation matrix * SIN/COS in degrees,use to get to 
global,1=z,2=x,3=y*} 
 macro ROTMATRIX(Angle) 
 Angle#_r11_x = -
SIN(Angle(1))*SIN(Angle(2))*SIN(Angle(3))+COS(Angle(1))*COS(Angle(3)) 
 Angle#_r12_y = -SIN(Angle(1))*COS(Angle(2)) 
 Angle#_r13_z = SIN(Angle(1))*SIN(Angle(2))*COS(Angle(3))+COS(Angle(1))*SIN(Angle(3)) 
 Angle#_r21_x = 
COS(Angle(1))*SIN(Angle(2))*SIN(Angle(3))+SIN(Angle(1))*COS(Angle(3)) 
 Angle#_r22_y = COS(Angle(1))*COS(Angle(2)) 
 Angle#_r23_z = -
COS(Angle(1))*SIN(Angle(2))*COS(Angle(3))+SIN(Angle(1))*SIN(Angle(3)) 
 Angle#_r31_x = -COS(Angle(2))*SIN(Angle(3)) 
 Angle#_r32_y = SIN(Angle(2)) 
 Angle#_r33_z = COS(Angle(2))*COS(Angle(3)) 
 Angle#_l11_x = -
SIN(Angle(1))*SIN(Angle(2))*SIN(Angle(3))+COS(Angle(1))*COS(Angle(3)) 
 Angle#_l12_y = -SIN(Angle(1))*COS(Angle(2)) 
 Angle#_l13_z = SIN(Angle(1))*SIN(Angle(2))*COS(Angle(3))+COS(Angle(1))*SIN(Angle(3)) 
 Angle#_l21_x = COS(Angle(1))*SIN(Angle(2))*SIN(Angle(3))+SIN(Angle(1))*COS(Angle(3)) 
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 Angle#_l22_y = COS(Angle(1))*COS(Angle(2)) 
 Angle#_l23_z = -
COS(Angle(1))*SIN(Angle(2))*COS(Angle(3))+SIN(Angle(1))*SIN(Angle(3)) 
 Angle#_l31_x = -COS(Angle(2))*SIN(Angle(3)) 
 Angle#_l32_y = SIN(Angle(2)) 
 Angle#_l33_z = COS(Angle(2))*COS(Angle(3)) 
 endmacro 
 
{* Calculate elements of the transpose of ZXY rotation matrix * SIN/COS in degrees,use to get to 
local*} 
 macro TROTMATRIX(Angle) 
 tAngle#_r11_x = -
SIN(Angle(1))*SIN(Angle(2))*SIN(Angle(3))+COS(Angle(1))*COS(Angle(3) 
 tAngle#_r12_x = 
COS(Angle(1))*SIN(Angle(2))*SIN(Angle(3))+SIN(Angle(1))*COS(Angle(3)) 
 tAngle#_r13_x = -COS(Angle(2))*SIN(Angle(3)) 
 tAngle#_r21_y = -SIN(Angle(1))*COS(Angle(2)) 
 tAngle#_r22_y = COS(Angle(1))*COS(Angle(2)) 
 tAngle#_r23_y = SIN(Angle(2)) 
 tAngle#_r31_z = 
SIN(Angle(1))*SIN(Angle(2))*COS(Angle(3))+COS(Angle(1))*SIN(Angle(3)) 
 tAngle#_r32_z = -
COS(Angle(1))*SIN(Angle(2))*COS(Angle(3))+SIN(Angle(1))*SIN(Angle(3)) 
 tAngle#_r33_z = COS(Angle(2))*COS(Angle(3)) 
 tAngle#_l11_x =  -
SIN(Angle(1))*SIN(Angle(2))*SIN(Angle(3))+COS(Angle(1))*COS(Angle(3) 
 tAngle#_l12_x = 
COS(Angle(1))*SIN(Angle(2))*SIN(Angle(3))+SIN(Angle(1))*COS(Angle(3)) 
 tAngle#_l13_x = -COS(Angle(2))*SIN(Angle(3)) 
 tAngle#_l21_y = -SIN(Angle(1))*COS(Angle(2)) 
 tAngle#_l22_y = COS(Angle(1))*COS(Angle(2)) 
 tAngle#_l23_y = SIN(Angle(2)) 
 tAngle#_l31_z =  
SIN(Angle(1))*SIN(Angle(2))*COS(Angle(3))+COS(Angle(1))*SIN(Angle(3)) 
 tAngle#_l32_z = -
COS(Angle(1))*SIN(Angle(2))*COS(Angle(3))+SIN(Angle(1))*SIN(Angle(3)) 
 tAngle#_l33_z = COS(Angle(2))*COS(Angle(3)) 
 endmacro 
  
{* ============================End of Macros=================================== 
*} 
  
 
{* ============================================================================ 
*} 
{* Create a global coordinate sys with x anterior, z to the right and y proximal*} 
{* ============================================================================ 
*}  
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 Gorigin = {0,0,0} 
 Global_mod = [Gorigin,{1,0,0},{0,0,-1},xzy] 
 
{* ============================================================================ 
*} 
{*    Trunk      *} 
{* The trunk origin is located at the mid point of the neck   *} 
{* The x-axis is the forward with anterior tilt     *} 
{* The z-axis points laterally to the right     *} 
{* The y-axis is the cross product of the z and x axes, and points superiorly *} 
{* ============================================================================ 
*} 
 
 Trunk_origin= (SPC7 + STRN)/2 
 Trunk= [Trunk_origin, RACR-LACR, SPC7-STRN, zyx] 
 
{* ============================================================================ 
*} 
{*    Humerus      *} 
{* The shoulder joint is below the acromion marker, in the direction of (-) thorax y-axis*} 
{* The elbow joint center is the midpoint between the medial and lateral epicondyles  *} 
{* The z-axis points laterally to the right     *} 
{* The y-axis points superiorly along the long axis of the humerus  *} 
{* ============================================================================ 
*} 
  
 RShoulderOffset= $ShoulderCircumference/(2*3.14156) 
 RSJC=RACR-(($MarkerDiameter/2)*Trunk(2))-(RShoulderOffset*Trunk(2)) 
 
{* Create Dummy segment using most visable markers present in all trials *} 
 DummyHumerus=[RLE,RACR-RLE,RULN-RLE, yzx] 
   
{* For static trial in which medial marker is present, turn global pts REJC and *} 
{* RME into local points in the DummyHumerus segment                            *} 
 
 If $Static==1 
  REJC=(RLE+RME)/2 
  $%REJC=REJC/DummyHumerus 
  $%RME=RME/DummyHumerus 
  PARAM($%REJC,$%RME) 
 EndIF 
 
{*For dynamic trials lacking RME, convert local pts REJC and RME in DummyHumerus*} 
{*segment to global points and use those to calculate elbow joint center        *} 
 
 If (Exist(RME) AND $Static==0) Then 
  REJC=(RLE+RME)/2 
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 Else 
  REJC=$%REJC*DummyHumerus 
  RME=$%RME*DummyHumerus 
 EndIf 
 
 RHumerus= [RSJC, RSJC-REJC, RULN-REJC, yzx] 
 
{* ============================================================================ 
*}  
{*     FOREARM      *} 
{* Elbow joint center is located at the midpoint between the medial and lateral epicondyles*} 
{* The y-axis is along the long axis of the ulna, superior   *} 
{* The x-axis points anteriorly       *} 
{* The z-axis is the cross product of the x and y axes, and points laterally (R)*} 
{* ============================================================================ 
*} 
  
 RForearm=[RULN,REJC-RULN,RULN-RRAD,yxz] 
  
{* ============================================================================ 
*}  
{*     Hands      *} 
{* Wrist joint center is halfway between ulna and radial markers   *} 
{* The origin is located in the plane of the hand, anterior to the 3mcp joint   *} 
{* The y-axis is along the 3rd metacarpal, superior    *} 
{* The x-axis points anterior       *} 
{* The z-axis is the cross product of the x and y axes, and points laterally (R)*} 
{* ============================================================================ 
*} 
  
 RWJC= (RULN + RRAD)/2  
 RHTEMP =[RULN,RULN-RM5,RULN-RRAD, yxz] 
 RM3JC = RM3 + (1(RHTEMP)*($Rhandthickness/2)) + 
(1(RHTEMP)*($MarkerDiameter/2)) 
 RHand = [RM3JC,RWJC-RM3JC, RULN-RRAD,yxz] 
 
{* ============================================================================ 
*} 
{*                             Dynamometer                                      *} 
{* The center of the dynamometer is located at the center point of the 4 DYN    *} 
{* markers          *} 
{* The y-axis points vertically       *} 
{* The x-axis points away from the subject     *} 
{* The z-axis points to the right      *} 
{* ============================================================================ 
*} 
  
 DynC=(BDYN+FDYN)/2 
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 Dyn= [DynC, RDYN-LDYN, FDYN-BDYN, zyx]  
  
{* ============================================================================ 
*} 
{* Euler Angles ZXY: Referenced distal relative to proximal segment   *} 
{* Flexion/Extension, adduction/abduction, internal/external rotation   *} 
{* The trunk is referenced to the global ISB coordinate system                 *} 
{* ============================================================================ 
*} 
  
 Thorax=-<Global_mod, Trunk, ZXY> 
 RShoulder=-<Trunk, RHumerus, ZXY> 
 RElbow=-<RHumerus, RForearm, ZXY> 
 RWrist=-<RForearm, RHand, ZXY> 
 DYNAng=-<Global_mod, DYN, ZXY> 
  
{* ============================================================================ 
*} 
{* Virtual Points Output                                                        *} 
{* ============================================================================ 
*} 
 
 OUTPUT(Thorax,RShoulder,RElbow, RWrist, DYNAng, REJC) 
  
 SEGVIS(Trunk) 
 SEGVIS(RHumerus) 
 SEGVIS(RForearm) 
 SEGVIS(RHand) 
 SEGVIS(DYN) 
 SEGVIS(Global_mod)  
  
{* ===============================Start of Kinetics============================ *} 
 
{* Call macros to compute angular changes, angular velocities and angular accelerations*} 
Eulerderiv(RShoulder) 
Eulerderiv(RElbow) 
Eulerderiv(RWrist) 
Eulerderiv(Thorax) 
 
ANGVEL1(Thorax, Thorax_dt) 
ANGVEL1(RShoulder, RShoulder_dt) 
ANGVEL1(RElbow, RElbow_dt) 
ANGVEL1(RWrist, RWrist_dt) 
 
ANGACCX(Thorax, Thorax_avX) 
ANGACCY(Thorax, Thorax_avY) 
ANGACCZ(Thorax, Thorax_avZ) 
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ANGACCX(RShoulder, RShoulder_avX) 
ANGACCY(RShoulder, RShoulder_avY) 
ANGACCZ(RShoulder, RShoulder_avZ) 
 
ANGACCX(RElbow, RElbow_avX) 
ANGACCY(RElbow, RElbow_avY) 
ANGACCZ(RElbow, RElbow_avZ) 
 
ANGACCX(RWrist, RWrist_avX) 
ANGACCY(RWrist, RWrist_avY) 
ANGACCZ(RWrist, RWrist_avZ) 
 
{*Center of gravity computations for the humerus, forearm, and hand from Winter (1), (2), (3) 
are from local XYZ*} 
 
RHumerus_cgX = RSJC(1)-0.436*(RSJC(1)-REJC(1))  
RHumerus_cgY = RSJC(2)-0.436*(RSJC(2)-REJC(2))  
RHumerus_cgZ = RSJC(3)-0.436*(RSJC(3)-REJC(3)) 
RHumerus_cg = {RHumerus_cgX, RHumerus_cgY, RHumerus_cgZ} 
 
RForearm_cgX = REJC(1)-0.430*(REJC(1)-RWJC(1)) 
RForearm_cgY = REJC(2)-0.430*(REJC(2)-RWJC(2)) 
RForearm_cgZ = REJC(3)-0.430*(REJC(3)-RWJC(3)) 
RForearm_cg = {RForearm_cgX, RForearm_cgY, RForearm_cgZ} 
 
RHand_cgX = RWJC(1)-0.506*(RWJC(1)-RM3JC(1)) 
RHand_cgY = RWJC(2)-0.506*(RWJC(2)-RM3JC(2)) 
RHand_cgZ = RWJC(3)-0.506*(RWJC(3)-RM3JC(3)) 
RHand_cg = {RHand_cgX, RHand_cgY, RHand_cgZ} 
 
Output(RHumerus_cg, RForearm_cg, RHand_cg) 
 
{* Call macros to compute center of gravity velocities and accelerations *} 
 
VCGSEG(RHumerus_cgX)  
VCGSEG(RHumerus_cgY)   
VCGSEG(RHumerus_cgZ) 
VCGSEG(RForearm_cgX) 
VCGSEG(RForearm_cgY) 
VCGSEG(RForearm_cgZ) 
VCGSEG(RHand_cgX) 
VCGSEG(RHand_cgY) 
VCGSEG(RHand_cgZ) 
 
ACGSEG(RHumerus_cgXv) 
ACGSEG(RHumerus_cgYv) 
ACGSEG(RHumerus_cgZv) 
RHumerus_cga={RHumerus_cgXva, RHumerus_cgYva, RHumerus_cgZva} 
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ACGSEG(RForearm_cgXv) 
ACGSEG(RForearm_cgYv) 
ACGSEG(RForearm_cgZv) 
RForearm_cga={RForearm_cgXva, RForearm_cgYva, RForearm_cgZva} 
ACGSEG(RHand_cgXv) 
ACGSEG(RHand_cgYv) 
ACGSEG(RHand_cgZv) 
RHand_cga={RHand_cgXva, RHand_cgYva, RHand_cgZva} 
 
{* 6-axis dynamometer = amplifier 1*} 
{*==============Read in forces and Connect to hand segment=====================*} 
OptionalReactions(ForcePlate1,ForcePlate2,ForcePlate3,ForcePlate4) 
 
ForcePlate1=|ForcePlate1(1),ForcePlate1(2),DynC| 
CONNECT(RHand,ForcePlate1,1) 
Force1=ForcePlate1(1) 
Moment1=ForcePlate1(2) 
 
{* Change to match local kinematic coordinate system setup *} 
 
Force1X = -Force1(2)   {*Force in N *} 
Force1Y = Force1(3) 
Force1Z = Force1(1) 
 
Moment1X = -Moment1(2)  {* Moment in Nmm *} 
Moment1Y = Moment1(3) 
Moment1Z = Moment1(1) 
 
Output(Force1X,Force1Y,Force1Z,Moment1X,Moment1Y,Moment1Z) 
 
{*Multiply by Rotation Matrix to get forces and moments in global coordinates*} 
 
ROTMATRIX(DYNAng) 
Force1iX_g= Force1X*DYNAng_r11_x 
Force1iY_g= Force1X*DYNAng_r21_x 
Force1iZ_g= Force1X*DYNAng_r31_x 
Force1X_g={Force1iX_g, Force1iY_g, Force1iZ_g} 
 
Force1jX_g= Force1Y*DYNAng_r12_y 
Force1jY_g= Force1Y*DYNAng_r22_y 
Force1jZ_g= Force1Y*DYNAng_r32_y 
Force1Y_g={Force1jX_g, Force1jY_g, Force1jZ_g} 
 
Force1kX_g= Force1Z*DYNAng_r13_z 
Force1kY_g= Force1Z*DYNAng_r23_z 
Force1kZ_g= Force1Z*DYNAng_r33_z 
Force1Z_g={Force1kX_g, Force1kY_g, Force1kZ_g} 
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Force1lab = (Force1X_g + Force1Y_g + Force1Z_g) 
 
OUTPUT(Force1lab) 
 
I={1,0,0} 
J={0,1,0} 
K={0,0,1} 
 
{*==========Hand Forces================*} 
mhd=$kwt*.006          {*mass of hand approx (Winter)*} 
 
FRHX = Force1lab(1) 
FRHY = Force1lab(2)+9.81*mhd     {*gravity in m/s^2*} 
FRHZ = Force1lab(3) 
FRHL = {FRHX,FRHY,FRHZ} 
FRHand= FRHX*I+FRHY*J+FRHZ*K 
 
DotProduct(FRHand,Dyn(1),FRHandAntPos) 
DotProduct(FRHand,Dyn(2),FRHandPrxDis) 
DotProduct(FRHand,Dyn(3),FRHandMedLat) 
FRHS = {FRHandAntPos,FRHandPrxDis,FRHandMedLat} 
 
OUTPUT(FRHL,FRHand,FRHS) 
 
{*=========Wrist Forces================*} 
 
FRWX = mhd*(RHand_cga(1)/1000) + FRHL(1) {*get accel in m/s^2*} 
 
FRWY = mhd*(RHand_cga(2)/1000) + FRHL(2) {*force due to gravity already accounted for in 
FRHL*} 
FRWZ = mhd*(RHand_cga(3)/1000) + FRHL(3)   
FRWL = {FRWX,FRWY,FRWZ}    {*Global (Lab CS) Forces*} 
FRWrist=FRWX*I+FRWY*J+FRWZ*K 
 
DotProduct(FRWrist,RHand(1),FRWristAntPos) 
DotProduct(FRWrist,RHand(2),FRWristPrxDis) 
DotProduct(FRWrist,RHand(3),FRWristMedLat) 
FRWS={FRWristAntPos,FRWristPrxDis,FRWristMedLat} {*Local (Segmental CS) Forces*} 
 
OUTPUT(FRWL,FRWrist,FRWS) 
 
{*==========End of Forces==============*} 
 
{* MOMENTS given in local, convert to global using R *} 
Moment1iX_g = Moment1X*DYNAng_r11_x 
Moment1iY_g = Moment1X*DYNAng_r21_x 
Moment1iZ_g = Moment1X*DYNAng_r31_x 
Moment1X_g = {Moment1iX_g, Moment1iY_g, Moment1iZ_g} 
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Moment1jX_g = Moment1Y*DYNAng_r12_y 
Moment1jY_g = Moment1Y*DYNAng_r22_y  
Moment1jZ_g = Moment1Y*DYNAng_r32_y  
Moment1Y_g = {Moment1jX_g, Moment1jY_g, Moment1jZ_g} 
 
Moment1kX_g = Moment1Z*DYNAng_r13_z  
Moment1kY_g = Moment1Z*DYNAng_r23_z  
Moment1kZ_g = Moment1Z*DYNAng_r33_z  
Moment1Z_g = {Moment1kX_g,Moment1kY_g, Moment1kZ_g} 
 
Moment1lab = (Moment1X_g + Moment1Y_g + Moment1Z_g) 
 
OUTPUT(Moment1lab) 
 
{*Inertia of right hand kg*m^2 from Yeadon and Morlock*} 
 
phr= (($rwc + $rmc)/2)/1000   {*perimeter of right hand in m*} 
rwm= $rwm/1000       {*Get wrist to metacarpal length in m*} 
Ixhr= ((0.5*1.309*phr*phr*phr*phr*rwm) + (7.68*phr*phr*rwm*rwm*rwm)) 
Izhr= ((0.5*1.309*phr*phr*phr*phr*rwm) + (7.68*phr*phr*rwm*rwm*rwm)) 
Iyhr= (1.309*phr*phr*phr*phr*rwm) 
 
{* Rate of change of angular momentum,resultant moments, eqn 5.35 Zatsiorsky   
in local, angle wrt proximal segment; Iy:long, Ix=Iz:transverse I=[kg*m^2], 
aa=[rad/s^2],av=[rad/s], H=Nmm *} 
 
HRHdX = (Ixhr*RWrist_aaX - (Iyhr-Izhr)*RWrist_avY*RWrist_avZ)*1000 {*multiply H in Nm by 
1000 to get Nmm*} 
HRHdY = (Iyhr*RWrist_aaY - (Izhr-Ixhr)*RWrist_avZ*RWrist_avX)*1000 
HRHdZ = (Izhr*RWrist_aaZ - (Ixhr-Iyhr)*RWrist_avX*RWrist_avY)*1000 
HRHd = {HRHdX, HRHdY, HRHdZ} 
 
OUTPUT(HRHd) 
OUTPUT(Ixhr,Iyhr,Izhr) 
 
{*==============Moments==================*} 
{* Right Hand *} 
 
MresRH=Moment1lab   {*global position*} 
 
uMresRH=MresRH(1)*I+MresRH(2)*J+MresRH(3)*K  
DotProduct(uMresRH,RHand(1),MresRHSX) 
DotProduct(uMresRH,RHand(2),MresRHSY) 
DotProduct(uMresRH,RHand(3),MresRHSZ) 
MRHS_final = {MresRHSX,MresRHSY,MresRHSZ}   {*Local, S=semental*} 
 
MOMENTMULT1(MRHS_final,DYN(1),DYN(2),DYN(3),MRHL1) 
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MOMENTMULT2(MRHS_final,DYN(1),DYN(2),DYN(3),MRHL2) 
MOMENTMULT3(MRHS_final,DYN(1),DYN(2),DYN(3),MRHL3) 
 
MRHL={MRHL1, MRHL2, MRHL3}  {*Global, L=Lab space*}  
 
OUTPUT(MRHS_final,MRHL,uMresRH) 
 
{* RIGHT WRIST *} 
RWprox = RWJC - RHand_cg 
RWdist = RM3JC-RHand_cg  
 
CROSS(RWprox, FRWL, MRWrist_cg1)  {* Nmm *} 
CROSS(RWdist, FRHL, MRWrist_cg2) 
 
MresRW_G = MRHL - MRWrist_cg1 + MRWrist_cg2 {* global position *} 
 
uMresRW_G = MresRW_G(1)*I+MresRW_G(2)*J+MresRW_G(3)*K 
DotProduct(uMresRW_G,RHand(1),MresRWSX) {* L=LOCAL,S=segmental *} 
DotProduct(uMresRW_G,RHand(2),MresRWSY) 
DotProduct(uMresRW_G,RHand(3),MresRWSZ) 
MresRWS={MresRWSX,MresRWSY,MresRWSZ} 
MRWS = HRHd + MresRWS {* Nmm *} 
MRWSx=MRWS(1) 
MRWSy=MRWS(2) 
MRWSz=MRWS(3) 
MRWS_final={MRWSx,MRWSy,MRWSz}           {*Local*} 
 
MOMENTMULT1(MRWS_final,RHand(1),RHand(2),RHand(3),MRWL1) 
MOMENTMULT2(MRWS_final,RHand(1),RHand(2),RHand(3),MRWL2) 
MOMENTMULT3(MRWS_final,RHand(1),RHand(2),RHand(3),MRWL3) 
MRWL={MRWL1,MRWL2,MRWL3}  {*Global*} 
 
OUTPUT(MRWL,uMresRW_G,MRWS,MRWS_final) 
{*=============================================================================
=====*} 
 
Model Parameter Descriptions 
 
ShoulderCircumference: Circumference of the shoulder starting at the right acromion and 
going underneath the arm back to the starting point. Measurement taken using tape 
measure. 
Rhandthickness: Distance between the top and bottom of the hand at the distal end of the 
3
rd
 metacarpal. Measurement taken using calipers. 
kwt: Weight of the subject in Kgs. Measurement taken using scale. 
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rwc: Right wrist circumference is the distance around the wrist at the radial and ulnar 
styloids. Measurement taken using a tape measure.  
rmc: Circumference of the 3
rd
 distal end of the 3
rd
 metacarpal on the right hand. Equal to 
 *Rhandthickness.  
rwm: Distance from right wrist center to the end of the 3
rd
 metacarpal. Measurement 
taken using tape measure 
MarkerDiameter: The diameter of the reflective markers used. Default is 14mm. 
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APPENDIX C: COMPLETE STATISTICAL ANALYSIS RESULTS 
 
Kinematic Tasks: 
Measure 
Se
x Task 
Effec
t 
Estima
te 
StdEr
r 
D
F 
tValu
e 
Prob
t 
Alph
a Lower Upper 
RElbow_X_RO
M F FlexExt Sex 13.349 1.949 20 6.85   0.05 9.283 17.414 
RElbow_X_RO
M M FlexExt Sex 11.616 1.949 20 5.96   0.05 7.551 15.681 
RElbow_X_RO
M 
dif
f FlexExt Sex 1.732 2.756 20 0.63 
0.536
8 0.05 -4.017 7.481 
RElbow_X_RO
M F Hammer Sex 56.509 5.687 20 9.94   0.05 44.646 68.373 
RElbow_X_RO
M M Hammer Sex 71.726 5.687 20 12.61   0.05 59.863 83.59 
RElbow_X_RO
M 
dif
f Hammer Sex -15.217 8.043 20 -1.89 
0.073
1 0.05 
-
31.994 1.561 
RElbow_X_RO
M F ProSup Sex 15.457 2.013 20 7.68   0.05 11.258 19.657 
RElbow_X_RO
M M ProSup Sex 15.378 2.013 20 7.64   0.05 11.179 19.578 
RElbow_X_RO
M 
dif
f ProSup Sex 0.079 2.847 20 0.03 
0.978
1 0.05 -5.86 6.018 
RElbow_X_RO
M F 
RadUlnD
ev Sex 7.353 0.912 20 8.06   0.05 5.45 9.255 
RElbow_X_RO
M M 
RadUlnD
ev Sex 5.061 0.912 20 5.55   0.05 3.158 6.963 
RElbow_X_RO
M 
dif
f 
RadUlnD
ev Sex 2.292 1.29 20 1.78 
0.090
8 0.05 -0.398 4.983 
RElbow_X_ma
x F FlexExt Sex 65.377 2.964 20 22.06   0.05 59.194 71.56 
RElbow_X_ma
x M FlexExt Sex 60.449 2.964 20 20.39   0.05 54.266 66.633 
RElbow_X_ma
x 
dif
f FlexExt Sex 4.927 4.192 20 1.18 
0.253
6 0.05 -3.817 13.672 
RElbow_X_ma
x F Hammer Sex 96.674 6.094 20 15.86   0.05 83.961 
109.38
7 
RElbow_X_ma
x M Hammer Sex 100.352 6.094 20 16.47   0.05 87.639 
113.06
4 
RElbow_X_ma
x 
dif
f Hammer Sex -3.678 8.619 20 -0.43 
0.674
1 0.05 
-
21.656 14.301 
RElbow_X_ma
x F ProSup Sex 55.932 4.3 20 13.01   0.05 46.963 64.901 
RElbow_X_ma
x M ProSup Sex 55.188 4.3 20 12.83   0.05 46.219 64.157 
RElbow_X_ma
x 
dif
f ProSup Sex 0.744 6.081 20 0.12 
0.903
8 0.05 -11.94 13.429 
RElbow_X_ma
x F 
RadUlnD
ev Sex 55.02 2.905 20 18.94   0.05 48.96 61.08 
RElbow_X_ma
x M 
RadUlnD
ev Sex 53.386 2.905 20 18.38   0.05 47.326 59.446 
RElbow_X_ma
x 
dif
f 
RadUlnD
ev Sex 1.634 4.108 20 0.4 0.695 0.05 -6.936 10.204 
RElbow_X_mi
n F FlexExt Sex 52.028 3.624 20 14.35   0.05 44.468 59.589 
RElbow_X_mi
n M FlexExt Sex 48.833 3.624 20 13.47   0.05 41.273 56.394 
RElbow_X_mi
n 
dif
f FlexExt Sex 3.195 5.126 20 0.62 
0.540
1 0.05 -7.497 13.887 
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RElbow_X_mi
n F Hammer Sex 40.165 3.878 20 10.36   0.05 32.076 48.253 
RElbow_X_mi
n M Hammer Sex 28.626 3.878 20 7.38   0.05 20.537 36.714 
RElbow_X_mi
n 
dif
f Hammer Sex 11.539 5.484 20 2.1 
0.048
2 0.05 0.1 22.978 
RElbow_X_mi
n F ProSup Sex 40.475 4.75 20 8.52   0.05 30.565 50.384 
RElbow_X_mi
n M ProSup Sex 39.81 4.75 20 8.38   0.05 29.9 49.719 
RElbow_X_mi
n 
dif
f ProSup Sex 0.665 6.718 20 0.1 
0.922
1 0.05 
-
13.349 14.679 
RElbow_X_mi
n F 
RadUlnD
ev Sex 47.668 3.002 20 15.88   0.05 41.406 53.929 
RElbow_X_mi
n M 
RadUlnD
ev Sex 48.325 3.002 20 16.1   0.05 42.064 54.587 
RElbow_X_mi
n 
dif
f 
RadUlnD
ev Sex -0.658 4.245 20 -0.15 
0.878
4 0.05 -9.512 8.197 
RElbow_Z_RO
M F FlexExt Sex 15.477 2.167 20 7.14   0.05 10.956 19.998 
RElbow_Z_RO
M M FlexExt Sex 13.677 2.167 20 6.31   0.05 9.156 18.198 
RElbow_Z_RO
M 
dif
f FlexExt Sex 1.8 3.065 20 0.59 
0.563
6 0.05 -4.594 8.194 
RElbow_Z_RO
M F Hammer Sex 65.17 6.498 20 10.03   0.05 51.616 78.724 
RElbow_Z_RO
M M Hammer Sex 62.605 6.498 20 9.64   0.05 49.052 76.159 
RElbow_Z_RO
M 
dif
f Hammer Sex 2.565 9.189 20 0.28 0.783 0.05 
-
16.603 21.733 
RElbow_Z_RO
M F ProSup Sex 157.466 5.684 20 27.71   0.05 145.61 
169.32
2 
RElbow_Z_RO
M M ProSup Sex 140.116 5.684 20 24.65   0.05 128.26 
151.97
2 
RElbow_Z_RO
M 
dif
f ProSup Sex 17.35 8.038 20 2.16 
0.043
2 0.05 0.584 34.117 
RElbow_Z_RO
M F 
RadUlnD
ev Sex 18.267 1.633 20 11.18   0.05 14.86 21.675 
RElbow_Z_RO
M M 
RadUlnD
ev Sex 11.612 1.633 20 7.11   0.05 8.205 15.019 
RElbow_Z_RO
M 
dif
f 
RadUlnD
ev Sex 6.656 2.31 20 2.88 
0.009
2 0.05 1.837 11.474 
RElbow_Z_ma
x F FlexExt Sex 163.768 2.991 20 54.75   0.05 
157.52
7 
170.00
8 
RElbow_Z_ma
x M FlexExt Sex 169.411 2.991 20 56.63   0.05 
163.17
1 
175.65
1 
RElbow_Z_ma
x 
dif
f FlexExt Sex -5.644 4.231 20 -1.33 
0.197
2 0.05 
-
14.469 3.181 
RElbow_Z_ma
x F Hammer Sex 166.708 2.648 20 62.96   0.05 
161.18
5 
172.23
1 
RElbow_Z_ma
x M Hammer Sex 167.066 2.648 20 63.1   0.05 
161.54
3 
172.58
9 
RElbow_Z_ma
x 
dif
f Hammer Sex -0.358 3.744 20 -0.1 
0.924
8 0.05 -8.169 7.453 
RElbow_Z_ma
x F ProSup Sex 184.697 3.117 20 59.25   0.05 
178.19
5 
191.19
9 
RElbow_Z_ma
x M ProSup Sex 176.126 3.117 20 56.51   0.05 
169.62
4 
182.62
8 
RElbow_Z_ma
x 
dif
f ProSup Sex 8.571 4.408 20 1.94 0.066 0.05 -0.624 17.766 
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RElbow_Z_ma
x F 
RadUlnD
ev Sex 167.839 2.796 20 60.02   0.05 
162.00
6 
173.67
2 
RElbow_Z_ma
x M 
RadUlnD
ev Sex 166.822 2.796 20 59.66   0.05 
160.98
9 
172.65
5 
RElbow_Z_ma
x 
dif
f 
RadUlnD
ev Sex 1.017 3.955 20 0.26 
0.799
6 0.05 -7.232 9.266 
RElbow_Z_mi
n F FlexExt Sex 148.291 4.201 20 35.3   0.05 
139.52
7 
157.05
4 
RElbow_Z_mi
n M FlexExt Sex 155.735 4.201 20 37.07   0.05 
146.97
1 
164.49
8 
RElbow_Z_mi
n 
dif
f FlexExt Sex -7.444 5.941 20 -1.25 
0.224
7 0.05 
-
19.837 4.95 
RElbow_Z_mi
n F Hammer Sex 101.538 6.151 20 16.51   0.05 88.707 
114.36
8 
RElbow_Z_mi
n M Hammer Sex 104.46 6.151 20 16.98   0.05 91.63 
117.29
1 
RElbow_Z_mi
n 
dif
f Hammer Sex -2.923 8.699 20 -0.34 
0.740
4 0.05 
-
21.068 15.222 
RElbow_Z_mi
n F ProSup Sex 27.231 4.751 20 5.73   0.05 17.32 37.142 
RElbow_Z_mi
n M ProSup Sex 36.01 4.751 20 7.58   0.05 26.099 45.921 
RElbow_Z_mi
n 
dif
f ProSup Sex -8.779 6.719 20 -1.31 
0.206
2 0.05 
-
22.795 5.237 
RElbow_Z_mi
n F 
RadUlnD
ev Sex 149.572 2.755 20 54.29   0.05 
143.82
5 
155.31
9 
RElbow_Z_mi
n M 
RadUlnD
ev Sex 155.21 2.755 20 56.33   0.05 
149.46
3 
160.95
7 
RElbow_Z_mi
n 
dif
f 
RadUlnD
ev Sex -5.638 3.896 20 -1.45 
0.163
4 0.05 
-
13.766 2.49 
RWrist_X_RO
M F FlexExt Sex 131.334 2.173 20 60.43   0.05 
126.80
1 
135.86
8 
RWrist_X_RO
M M FlexExt Sex 131.013 2.173 20 60.28   0.05 126.48 
135.54
7 
RWrist_X_RO
M 
dif
f FlexExt Sex 0.321 3.074 20 0.1 0.918 0.05 -6.091 6.732 
RWrist_X_RO
M F Hammer Sex 49.484 4.361 20 11.35   0.05 40.387 58.581 
RWrist_X_RO
M M Hammer Sex 46.476 4.361 20 10.66   0.05 37.379 55.573 
RWrist_X_RO
M 
dif
f Hammer Sex 3.008 6.168 20 0.49 
0.631
1 0.05 -9.857 15.873 
RWrist_X_RO
M F ProSup Sex 42.045 7.643 20 5.5   0.05 26.102 57.987 
RWrist_X_RO
M M ProSup Sex 40 7.643 20 5.23   0.05 24.058 55.943 
RWrist_X_RO
M 
dif
f ProSup Sex 2.045 
10.80
9 20 0.19 
0.851
9 0.05 
-
20.502 24.591 
RWrist_X_RO
M F 
RadUlnD
ev Sex 36.219 2.792 20 12.97   0.05 30.395 42.043 
RWrist_X_RO
M M 
RadUlnD
ev Sex 22.59 2.792 20 8.09   0.05 16.766 28.414 
RWrist_X_RO
M 
dif
f 
RadUlnD
ev Sex 13.629 3.948 20 3.45 
0.002
5 0.05 5.393 21.865 
RWrist_X_max F FlexExt Sex 64.324 1.911 20 33.65   0.05 60.337 68.311 
RWrist_X_max M FlexExt Sex 64.792 1.911 20 33.9   0.05 60.805 68.779 
RWrist_X_max 
dif
f FlexExt Sex -0.468 2.703 20 -0.17 
0.864
3 0.05 -6.106 5.17 
RWrist_X_max F Hammer Sex -0.022 3.384 20 -0.01   0.05 -7.08 7.036 
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RWrist_X_max M Hammer Sex -1.819 3.384 20 -0.54   0.05 -8.878 5.239 
RWrist_X_max 
dif
f Hammer Sex 1.797 4.785 20 0.38 
0.711
2 0.05 -8.185 11.779 
RWrist_X_max F ProSup Sex 24.571 7.551 20 3.25   0.05 8.821 40.321 
RWrist_X_max M ProSup Sex 22.177 7.551 20 2.94   0.05 6.427 37.927 
RWrist_X_max 
dif
f ProSup Sex 2.393 
10.67
8 20 0.22 
0.824
9 0.05 
-
19.881 24.667 
RWrist_X_max F 
RadUlnD
ev Sex 8.222 3.666 20 2.24   0.05 0.575 15.87 
RWrist_X_max M 
RadUlnD
ev Sex 0.824 3.666 20 0.22   0.05 -6.824 8.471 
RWrist_X_max 
dif
f 
RadUlnD
ev Sex 7.399 5.185 20 1.43 0.169 0.05 -3.417 18.214 
RWrist_X_min F FlexExt Sex -67.01 2.588 20 -25.9   0.05 
-
72.407 
-
61.612 
RWrist_X_min M FlexExt Sex -66.221 2.588 20 
-
25.59   0.05 
-
71.619 
-
60.824 
RWrist_X_min 
dif
f FlexExt Sex -0.789 3.659 20 -0.22 
0.831
5 0.05 -8.422 6.844 
RWrist_X_min F Hammer Sex -49.506 2.4 20 
-
20.63   0.05 
-
54.512 -44.5 
RWrist_X_min M Hammer Sex -48.295 2.4 20 
-
20.12   0.05 
-
53.301 
-
43.289 
RWrist_X_min 
dif
f Hammer Sex -1.211 3.394 20 -0.36 0.725 0.05 -8.291 5.869 
RWrist_X_min F ProSup Sex -17.474 3.701 20 -4.72   0.05 
-
25.194 -9.754 
RWrist_X_min M ProSup Sex -17.823 3.701 20 -4.82   0.05 
-
25.543 
-
10.103 
RWrist_X_min 
dif
f ProSup Sex 0.349 5.234 20 0.07 
0.947
5 0.05 
-
10.569 11.267 
RWrist_X_min F 
RadUlnD
ev Sex -27.996 5.495 20 -5.09   0.05 
-
39.458 
-
16.534 
RWrist_X_min M 
RadUlnD
ev Sex -21.766 5.495 20 -3.96   0.05 
-
33.228 
-
10.304 
RWrist_X_min 
dif
f 
RadUlnD
ev Sex -6.23 7.771 20 -0.8 
0.432
1 0.05 -22.44 9.98 
RWrist_Y_RO
M F FlexExt Sex 19.69 2.192 20 8.98   0.05 15.118 24.262 
RWrist_Y_RO
M M FlexExt Sex 14.759 2.192 20 6.73   0.05 10.187 19.331 
RWrist_Y_RO
M 
dif
f FlexExt Sex 4.93 3.1 20 1.59 
0.127
4 0.05 -1.536 11.396 
RWrist_Y_RO
M F Hammer Sex 31.138 2.59 20 12.02   0.05 25.735 36.541 
RWrist_Y_RO
M M Hammer Sex 32.974 2.59 20 12.73   0.05 27.57 38.377 
RWrist_Y_RO
M 
dif
f Hammer Sex -1.836 3.663 20 -0.5 
0.621
7 0.05 -9.477 5.806 
RWrist_Y_RO
M F ProSup Sex 28.099 2.656 20 10.58   0.05 22.559 33.638 
RWrist_Y_RO
M M ProSup Sex 18.92 2.656 20 7.12   0.05 13.38 24.459 
RWrist_Y_RO
M 
dif
f ProSup Sex 9.179 3.756 20 2.44 
0.023
9 0.05 1.345 17.013 
RWrist_Y_RO
M F 
RadUlnD
ev Sex 46.854 2.155 20 21.74   0.05 42.359 51.349 
RWrist_Y_RO
M M 
RadUlnD
ev Sex 51.616 2.155 20 23.95   0.05 47.121 56.111 
103 
 
RWrist_Y_RO
M 
dif
f 
RadUlnD
ev Sex -4.762 3.048 20 -1.56 
0.133
9 0.05 
-
11.119 1.595 
RWrist_Y_max F FlexExt Sex 7.814 2.47 20 3.16   0.05 2.662 12.965 
RWrist_Y_max M FlexExt Sex 7.223 2.47 20 2.92   0.05 2.072 12.375 
RWrist_Y_max 
dif
f FlexExt Sex 0.59 3.493 20 0.17 
0.867
5 0.05 -6.695 7.876 
RWrist_Y_max F Hammer Sex 19.396 2.606 20 7.44   0.05 13.961 24.831 
RWrist_Y_max M Hammer Sex 24.21 2.606 20 9.29   0.05 18.775 29.645 
RWrist_Y_max 
dif
f Hammer Sex -4.814 3.685 20 -1.31 
0.206
2 0.05 -12.5 2.873 
RWrist_Y_max F ProSup Sex 15.366 2.594 20 5.92   0.05 9.954 20.778 
RWrist_Y_max M ProSup Sex 13.097 2.594 20 5.05   0.05 7.685 18.509 
RWrist_Y_max 
dif
f ProSup Sex 2.269 3.669 20 0.62 
0.543
4 0.05 -5.385 9.922 
RWrist_Y_max F 
RadUlnD
ev Sex 18.992 3.085 20 6.16   0.05 12.557 25.427 
RWrist_Y_max M 
RadUlnD
ev Sex 24.228 3.085 20 7.85   0.05 17.793 30.663 
RWrist_Y_max 
dif
f 
RadUlnD
ev Sex -5.237 4.363 20 -1.2 0.244 0.05 
-
14.337 3.864 
RWrist_Y_min F FlexExt Sex -11.876 2.3 20 -5.16   0.05 
-
16.673 -7.079 
RWrist_Y_min M FlexExt Sex -7.536 2.3 20 -3.28   0.05 
-
12.334 -2.739 
RWrist_Y_min 
dif
f FlexExt Sex -4.34 3.252 20 -1.33 
0.197
1 0.05 
-
11.124 2.445 
RWrist_Y_min F Hammer Sex -11.741 2.332 20 -5.04   0.05 
-
16.606 -6.877 
RWrist_Y_min M Hammer Sex -8.764 2.332 20 -3.76   0.05 
-
13.628 -3.9 
RWrist_Y_min 
dif
f Hammer Sex -2.978 3.298 20 -0.9 
0.377
3 0.05 -9.857 3.901 
RWrist_Y_min F ProSup Sex -12.733 2.741 20 -4.65   0.05 -18.45 -7.016 
RWrist_Y_min M ProSup Sex -5.822 2.741 20 -2.12   0.05 -11.54 -0.105 
RWrist_Y_min 
dif
f ProSup Sex -6.91 3.876 20 -1.78 
0.089
8 0.05 
-
14.996 1.175 
RWrist_Y_min F 
RadUlnD
ev Sex -27.863 2.331 20 
-
11.95   0.05 
-
32.726 
-
22.999 
RWrist_Y_min M 
RadUlnD
ev Sex -27.388 2.331 20 
-
11.75   0.05 
-
32.251 
-
22.524 
RWrist_Y_min 
dif
f 
RadUlnD
ev Sex -0.475 3.297 20 -0.14 
0.886
9 0.05 -7.353 6.403 
 
 
 
 
Kinetic Tasks: 
Measure 
Se
x 
Tas
k 
Effec
t 
Estimat
e StdErr 
D
F 
tValu
e Probt 
Alph
a Lower Upper 
FRWS_X_Max F 
Doo
r Sex 13.089 1.597 20 8.2   0.05 9.758 16.421 
FRWS_X_Max M 
Doo
r Sex 9.304 1.597 20 5.83   0.05 5.973 12.636 
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FRWS_X_Max 
dif
f 
Doo
r Sex 3.785 2.258 20 1.68 
0.109
3 0.05 -0.926 8.496 
FRWS_X_Max F Iso Sex 3.369 0.471 20 7.15   0.05 2.386 4.352 
FRWS_X_Max M Iso Sex 3.164 0.471 20 6.72   0.05 2.181 4.147 
FRWS_X_Max 
dif
f Iso Sex 0.205 0.666 20 0.31 
0.761
5 0.05 -1.185 1.595 
FRWS_X_Max F Jar Sex 11.366 2.391 18 4.75   0.05 6.343 16.388 
FRWS_X_Max M Jar Sex 5.487 2.391 18 2.3   0.05 0.464 10.51 
FRWS_X_Max 
dif
f Jar Sex 5.879 3.381 18 1.74 
0.099
2 0.05 -1.225 12.982 
FRWS_X_Min F 
Doo
r Sex -2.785 3.974 20 -0.7   0.05 
-
11.074 5.505 
FRWS_X_Min M 
Doo
r Sex -9.161 3.974 20 -2.31   0.05 
-
17.451 -0.871 
FRWS_X_Min 
dif
f 
Doo
r Sex 6.376 5.62 20 1.13 0.27 0.05 -5.347 18.1 
FRWS_X_Min F Iso Sex -49.159 14.981 20 -3.28   0.05 
-
80.409 
-
17.908 
FRWS_X_Min M Iso Sex -49.124 14.981 20 -3.28   0.05 
-
80.375 
-
17.874 
FRWS_X_Min 
dif
f Iso Sex -0.034 21.187 20 0 
0.998
7 0.05 -44.23 44.161 
FRWS_X_Min F Jar Sex -14.022 2.278 18 -6.16   0.05 
-
18.807 -9.237 
FRWS_X_Min M Jar Sex -10.057 2.278 18 -4.42   0.05 
-
14.842 -5.271 
FRWS_X_Min 
dif
f Jar Sex -3.965 3.221 18 -1.23 
0.234
2 0.05 
-
10.733 2.802 
FRWS_Y_Max F 
Doo
r Sex 10.744 1.767 20 6.08   0.05 7.059 14.429 
FRWS_Y_Max M 
Doo
r Sex 6.995 1.767 20 3.96   0.05 3.309 10.68 
FRWS_Y_Max 
dif
f 
Doo
r Sex 3.75 2.498 20 1.5 0.149 0.05 -1.462 8.961 
FRWS_Y_Max F Iso Sex 64.691 13.507 20 4.79   0.05 36.516 92.865 
FRWS_Y_Max M Iso Sex 86.301 13.507 20 6.39   0.05 58.126 
114.47
6 
FRWS_Y_Max 
dif
f Iso Sex -21.61 19.101 20 -1.13 
0.271
3 0.05 
-
61.455 18.235 
FRWS_Y_Max F Jar Sex 5.526 1.275 18 4.34   0.05 2.848 8.203 
FRWS_Y_Max M Jar Sex 5.752 1.275 18 4.51   0.05 3.074 8.43 
FRWS_Y_Max 
dif
f Jar Sex -0.227 1.803 18 -0.13 
0.901
3 0.05 -4.014 3.56 
FRWS_Y_Min F 
Doo
r Sex -50.107 6.83 20 -7.34   0.05 
-
64.354 
-
35.861 
FRWS_Y_Min M 
Doo
r Sex -40.488 6.83 20 -5.93   0.05 
-
54.734 
-
26.241 
FRWS_Y_Min 
dif
f 
Doo
r Sex -9.62 9.659 20 -1 
0.331
2 0.05 
-
29.767 10.528 
FRWS_Y_Min F Iso Sex -3.119 0.796 20 -3.92   0.05 -4.778 -1.459 
FRWS_Y_Min M Iso Sex -3.215 0.796 20 -4.04   0.05 -4.875 -1.555 
FRWS_Y_Min 
dif
f Iso Sex 0.097 1.125 20 0.09 
0.932
5 0.05 -2.251 2.444 
FRWS_Y_Min F Jar Sex -16.677 2.32 18 -7.19   0.05 
-
21.551 
-
11.804 
FRWS_Y_Min M Jar Sex -12.854 2.32 18 -5.54   0.05 - -7.981 
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17.728 
FRWS_Y_Min 
dif
f Jar Sex -3.823 3.281 18 -1.17 
0.259
1 0.05 
-
10.715 3.069 
FRWS_Z_Max F 
Doo
r Sex 19.865 5.576 20 3.56   0.05 8.233 31.498 
FRWS_Z_Max M 
Doo
r Sex 18.786 5.576 20 3.37   0.05 7.154 30.419 
FRWS_Z_Max 
dif
f 
Doo
r Sex 1.079 7.886 20 0.14 
0.892
5 0.05 
-
15.372 17.53 
FRWS_Z_Max F Iso Sex 34.272 6.411 20 5.35   0.05 20.898 47.646 
FRWS_Z_Max M Iso Sex 19.402 6.411 20 3.03   0.05 6.028 32.776 
FRWS_Z_Max 
dif
f Iso Sex 14.871 9.067 20 1.64 
0.116
6 0.05 -4.043 33.784 
FRWS_Z_Max F Jar Sex 30.857 5.386 18 5.73   0.05 19.541 42.173 
FRWS_Z_Max M Jar Sex 23.334 5.386 18 4.33   0.05 12.019 34.65 
FRWS_Z_Max 
dif
f Jar Sex 7.523 7.617 18 0.99 
0.336
4 0.05 -8.48 23.525 
FRWS_Z_Min F 
Doo
r Sex 2.669 1.443 20 1.85   0.05 -0.341 5.679 
FRWS_Z_Min M 
Doo
r Sex 0.366 1.443 20 0.25   0.05 -2.644 3.376 
FRWS_Z_Min 
dif
f 
Doo
r Sex 2.303 2.041 20 1.13 
0.272
5 0.05 -1.954 6.559 
FRWS_Z_Min F Iso Sex -0.415 3.457 20 -0.12   0.05 -7.626 6.796 
FRWS_Z_Min M Iso Sex -9.003 3.457 20 -2.6   0.05 
-
16.214 -1.792 
FRWS_Z_Min 
dif
f Iso Sex 8.587 4.889 20 1.76 
0.094
3 0.05 -1.611 18.785 
FRWS_Z_Min F Jar Sex -6.359 2.724 18 -2.33   0.05 
-
12.082 -0.637 
FRWS_Z_Min M Jar Sex -3.591 2.724 18 -1.32   0.05 -9.313 2.131 
FRWS_Z_Min 
dif
f Jar Sex -2.769 3.852 18 -0.72 
0.481
5 0.05 
-
10.861 5.324 
MRWS_X_Max F 
Doo
r Sex -101.95 168.14 20 -0.61   0.05 
-
452.68 
248.78
9 
MRWS_X_Max M 
Doo
r Sex 94.106 168.14 20 0.56   0.05 
-
256.63 
444.84
1 
MRWS_X_Max 
dif
f 
Doo
r Sex -196.05 
237.78
7 20 -0.82 
0.419
4 0.05 
-
692.07 
299.96
2 
MRWS_X_Max F Iso Sex -20.605 
200.66
4 20 -0.1   0.05 
-
439.18 
397.97
4 
MRWS_X_Max M Iso Sex -1.098 
200.66
4 20 -0.01   0.05 
-
419.68 417.48 
MRWS_X_Max 
dif
f Iso Sex -19.507 
283.78
2 20 -0.07 
0.945
9 0.05 
-
611.47 
572.45
3 
MRWS_X_Max F Jar Sex 747.189 
249.20
6 19 3   0.05 
225.59
6 
1268.7
8 
MRWS_X_Max M Jar Sex 151.833 
245.33
4 19 0.62   0.05 
-
361.66 
665.32
3 
MRWS_X_Max 
dif
f Jar Sex 595.356 
349.70
3 19 1.7 0.105 0.05 
-
136.58 
1327.2
9 
MRWS_X_Min F 
Doo
r Sex -5823.9 
537.17
3 20 -10.84   0.05 
-
6944.4 
-
4703.3 
MRWS_X_Min M 
Doo
r Sex -5591 
537.17
3 20 -10.41   0.05 
-
6711.5 
-
4470.5 
MRWS_X_Min 
dif
f 
Doo
r Sex -232.84 
759.67
7 20 -0.31 
0.762
4 0.05 
-
1817.5 
1351.8
2 
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MRWS_X_Min F Iso Sex -4617 
845.53
5 20 -5.46   0.05 
-
6380.7 
-
2853.2 
MRWS_X_Min M Iso Sex -3267.3 
845.53
5 20 -3.86   0.05 
-
5031.1 
-
1503.5 
MRWS_X_Min 
dif
f Iso Sex -1349.7 
1195.7
7 20 -1.13 
0.272
4 0.05 -3844 
1144.6
4 
MRWS_X_Min F Jar Sex -2941.5 
513.63
6 19 -5.73   0.05 
-
4016.5 
-
1866.4 
MRWS_X_Min M Jar Sex -2167 
506.76
8 19 -4.28   0.05 
-
3227.7 
-
1106.4 
MRWS_X_Min 
dif
f Jar Sex -774.43 
721.55
1 19 -1.07 
0.296
6 0.05 
-
2284.7 
735.79
2 
MRWS_Y_Max F 
Doo
r Sex 1491.25 
221.67
9 20 6.73   0.05 
1028.8
4 
1953.6
7 
MRWS_Y_Max M 
Doo
r Sex 1348.35 
221.67
9 20 6.08   0.05 
885.93
3 
1810.7
6 
MRWS_Y_Max 
dif
f 
Doo
r Sex 142.902 
313.50
2 20 0.46 
0.653
4 0.05 
-
511.05 
796.85
6 
MRWS_Y_Max F Iso Sex 218.071 64.677 20 3.37   0.05 83.157 
352.98
4 
MRWS_Y_Max M Iso Sex 232.09 64.677 20 3.59   0.05 97.176 
367.00
3 
MRWS_Y_Max 
dif
f Iso Sex -14.019 91.467 20 -0.15 
0.879
7 0.05 
-
204.82 
176.77
8 
MRWS_Y_Max F Jar Sex 2279.53 504.07 19 4.52   0.05 1224.5 
3334.5
6 
MRWS_Y_Max M Jar Sex 1404.54 
502.46
1 19 2.8   0.05 
352.87
3 2456.2 
MRWS_Y_Max 
dif
f Jar Sex 874.996 
711.72
6 19 1.23 
0.233
9 0.05 
-
614.66 
2364.6
6 
MRWS_Y_Min F 
Doo
r Sex -1385.5 
341.54
7 20 -4.06   0.05 
-
2097.9 
-
673.02 
MRWS_Y_Min M 
Doo
r Sex -475.38 
341.54
7 20 -1.39   0.05 
-
1187.8 
237.07
2 
MRWS_Y_Min 
dif
f 
Doo
r Sex -910.1 
483.02
1 20 -1.88 
0.074
2 0.05 
-
1917.7 97.467 
MRWS_Y_Min F Iso Sex -4730.6 
266.34
3 20 -17.76   0.05 
-
5286.2 -4175 
MRWS_Y_Min M Iso Sex -4608 
266.34
3 20 -17.3   0.05 
-
5163.6 
-
4052.4 
MRWS_Y_Min 
dif
f Iso Sex -122.61 
376.66
5 20 -0.33 
0.748
2 0.05 
-
908.32 
663.10
4 
MRWS_Y_Min F Jar Sex -774.76 
155.87
7 19 -4.97   0.05 -1101 -448.5 
MRWS_Y_Min M Jar Sex -748.9 
151.67
1 19 -4.94   0.05 
-
1066.4 
-
431.45 
MRWS_Y_Min 
dif
f Jar Sex -25.857 217.49 19 -0.12 
0.906
6 0.05 
-
481.07 
429.35
4 
MRWS_Z_Max F 
Doo
r Sex 1742.55 
385.88
2 20 4.52   0.05 
937.61
7 
2547.4
9 
MRWS_Z_Max M 
Doo
r Sex 1277 
385.88
2 20 3.31   0.05 
472.06
3 
2081.9
3 
MRWS_Z_Max 
dif
f 
Doo
r Sex 465.554 
545.71
9 20 0.85 
0.403
7 0.05 -672.8 1603.9 
MRWS_Z_Max F Iso Sex 218.827 94.747 20 2.31   0.05 21.188 
416.46
5 
MRWS_Z_Max M Iso Sex 372.531 94.747 20 3.93   0.05 
174.89
2 
570.16
9 
MRWS_Z_Max 
dif
f Iso Sex -153.7 
133.99
2 20 -1.15 
0.264
9 0.05 
-
433.21 
125.79
9 
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MRWS_Z_Max F Jar Sex 2851.67 
406.93
9 20 7.01   0.05 
2002.8
1 
3700.5
3 
MRWS_Z_Max M Jar Sex 2158.21 
406.93
9 20 5.3   0.05 
1309.3
5 
3007.0
7 
MRWS_Z_Max 
dif
f Jar Sex 693.463 
575.49
9 20 1.2 
0.242
3 0.05 
-
507.01 
1893.9
3 
MRWS_Z_Min F 
Doo
r Sex -988.95 
370.61
7 20 -2.67   0.05 -1762 
-
215.86 
MRWS_Z_Min M 
Doo
r Sex -2496.8 
370.61
7 20 -6.74   0.05 
-
3269.9 
-
1723.7 
MRWS_Z_Min 
dif
f 
Doo
r Sex 1507.83 
524.13
1 20 2.88 
0.009
3 0.05 
414.50
9 
2601.1
5 
MRWS_Z_Min F Iso Sex -5360 
888.62
4 20 -6.03   0.05 
-
7213.6 
-
3506.3 
MRWS_Z_Min M Iso Sex -6229.9 
888.62
4 20 -7.01   0.05 
-
8083.5 
-
4376.3 
MRWS_Z_Min 
dif
f Iso Sex 869.936 1256.7 20 0.69 
0.496
7 0.05 
-
1751.5 
3491.3
8 
MRWS_Z_Min F Jar Sex -1729.6 
454.29
7 20 -3.81   0.05 
-
2677.2 
-
781.91 
MRWS_Z_Min M Jar Sex -1904.7 
454.29
7 20 -4.19   0.05 
-
2852.4 
-
957.09 
MRWS_Z_Min 
dif
f Jar Sex 175.183 
642.47
3 20 0.27 
0.787
9 0.05 -1165 
1515.3
6 
RElbow_Z_RO
M F 
Doo
r Sex 66.131 9.69 20 6.82   0.05 45.918 86.345 
RElbow_Z_RO
M M 
Doo
r Sex 65.063 9.69 20 6.71   0.05 44.849 85.276 
RElbow_Z_RO
M 
dif
f 
Doo
r Sex 1.069 13.704 20 0.08 
0.938
6 0.05 
-
27.517 29.655 
RElbow_Z_RO
M F Iso Sex 42.66 2.817 19 15.14   0.05 36.764 48.556 
RElbow_Z_RO
M M Iso Sex 29.101 2.845 19 10.23   0.05 23.147 35.055 
RElbow_Z_RO
M 
dif
f Iso Sex 13.559 4.003 19 3.39 
0.003
1 0.05 5.18 21.938 
RElbow_Z_RO
M F Jar Sex 75.403 8.821 19 8.55   0.05 56.94 93.866 
RElbow_Z_RO
M M Jar Sex 35.313 9.131 19 3.87   0.05 16.202 54.425 
RElbow_Z_RO
M 
dif
f Jar Sex 40.089 12.696 19 3.16 
0.005
2 0.05 13.516 66.663 
RElbow_Z_max F 
Doo
r Sex 167.176 3.241 20 51.58   0.05 
160.41
5 
173.93
7 
RElbow_Z_max M 
Doo
r Sex 169.448 3.241 20 52.28   0.05 
162.68
7 
176.20
9 
RElbow_Z_max 
dif
f 
Doo
r Sex -2.271 4.584 20 -0.5 
0.625
7 0.05 
-
11.833 7.29 
RElbow_Z_max F Iso Sex 174.489 3.64 19 47.94   0.05 166.87 
182.10
8 
RElbow_Z_max M Iso Sex 173.814 3.649 19 47.64   0.05 
166.17
7 181.45 
RElbow_Z_max 
dif
f Iso Sex 0.676 5.154 19 0.13 
0.897
1 0.05 
-
10.112 11.463 
RElbow_Z_max F Jar Sex 178.33 5.982 19 29.81   0.05 
165.80
9 
190.85
1 
RElbow_Z_max M Jar Sex 166.469 6.151 19 27.06   0.05 
153.59
5 
179.34
3 
RElbow_Z_max 
dif
f Jar Sex 11.861 8.58 19 1.38 
0.182
9 0.05 -6.098 29.82 
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RElbow_Z_min F 
Doo
r Sex 101.045 9.983 20 10.12   0.05 80.221 
121.86
9 
RElbow_Z_min M 
Doo
r Sex 104.385 9.983 20 10.46   0.05 83.561 
125.20
9 
RElbow_Z_min 
dif
f 
Doo
r Sex -3.34 14.118 20 -0.24 
0.815
4 0.05 -32.79 26.11 
RElbow_Z_min F Iso Sex 131.829 3.566 19 36.97   0.05 
124.36
5 
139.29
3 
RElbow_Z_min M Iso Sex 144.476 3.598 19 40.15   0.05 
136.94
4 
152.00
8 
RElbow_Z_min 
dif
f Iso Sex -12.647 5.066 19 -2.5 
0.021
9 0.05 -23.25 -2.044 
RElbow_Z_min F Jar Sex 102.927 4.341 19 23.71   0.05 93.842 
112.01
2 
RElbow_Z_min M Jar Sex 131.131 4.493 19 29.19   0.05 
121.72
7 
140.53
5 
RElbow_Z_min 
dif
f Jar Sex -28.204 6.247 19 -4.51 
0.000
2 0.05 -41.28 
-
15.128 
RWrist_X_RO
M F 
Doo
r Sex 40.253 3.153 19 12.77   0.05 33.654 46.852 
RWrist_X_RO
M M 
Doo
r Sex 43.401 3.052 19 14.22   0.05 37.014 49.788 
RWrist_X_RO
M 
dif
f 
Doo
r Sex -3.148 4.388 19 -0.72 
0.481
8 0.05 
-
12.332 6.035 
RWrist_X_RO
M F Iso Sex 32.058 2.412 19 13.29   0.05 27.01 37.106 
RWrist_X_RO
M M Iso Sex 25.611 2.384 19 10.74   0.05 20.622 30.6 
RWrist_X_RO
M 
dif
f Iso Sex 6.447 3.391 19 1.9 
0.072
5 0.05 -0.65 13.545 
RWrist_X_RO
M F Jar Sex 86.538 8.158 18 10.61   0.05 69.398 
103.67
9 
RWrist_X_RO
M M Jar Sex 64.808 8.158 18 7.94   0.05 47.667 81.948 
RWrist_X_RO
M 
dif
f Jar Sex 21.731 11.538 18 1.88 
0.075
9 0.05 -2.509 45.971 
RWrist_X_max F 
Doo
r Sex 6.38 2.531 19 2.52   0.05 1.083 11.678 
RWrist_X_max M 
Doo
r Sex 9.758 2.445 19 3.99   0.05 4.64 14.876 
RWrist_X_max 
dif
f 
Doo
r Sex -3.378 3.519 19 -0.96 
0.349
2 0.05 
-
10.744 3.989 
RWrist_X_max F Iso Sex -14.612 2.055 19 -7.11   0.05 
-
18.912 
-
10.311 
RWrist_X_max M Iso Sex -14.536 2.021 19 -7.19   0.05 
-
18.767 
-
10.306 
RWrist_X_max 
dif
f Iso Sex -0.076 2.882 19 -0.03 
0.979
3 0.05 -6.108 5.957 
RWrist_X_max F Jar Sex 43.454 5.251 18 8.28   0.05 32.422 54.486 
RWrist_X_max M Jar Sex 29.607 5.251 18 5.64   0.05 18.574 40.639 
RWrist_X_max 
dif
f Jar Sex 13.847 7.426 18 1.86 
0.078
6 0.05 -1.755 29.449 
RWrist_X_min F 
Doo
r Sex -33.898 1.232 19 -27.51   0.05 
-
36.477 
-
31.319 
RWrist_X_min M 
Doo
r Sex -33.643 1.19 19 -28.26   0.05 
-
36.135 
-
31.152 
RWrist_X_min 
dif
f 
Doo
r Sex -0.255 1.713 19 -0.15 
0.883
2 0.05 -3.841 3.331 
RWrist_X_min F Iso Sex -46.528 2.366 19 -19.67   0.05 -51.48 
-
41.576 
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RWrist_X_min M Iso Sex -40.147 2.351 19 -17.08   0.05 
-
45.067 
-
35.226 
RWrist_X_min 
dif
f Iso Sex -6.381 3.335 19 -1.91 
0.070
9 0.05 
-
13.362 0.599 
RWrist_X_min F Jar Sex -43.51 3.989 18 -10.91   0.05 
-
51.891 
-
35.129 
RWrist_X_min M Jar Sex -35.137 3.989 18 -8.81   0.05 
-
43.518 
-
26.756 
RWrist_X_min 
dif
f Jar Sex -8.373 5.642 18 -1.48 
0.155
1 0.05 
-
20.226 3.479 
RWrist_Y_RO
M F 
Doo
r Sex 30.651 3.121 19 9.82   0.05 24.118 37.185 
RWrist_Y_RO
M M 
Doo
r Sex 32.924 3.058 19 10.77   0.05 26.522 39.325 
RWrist_Y_RO
M 
dif
f 
Doo
r Sex -2.272 4.37 19 -0.52 
0.609
1 0.05 
-
11.419 6.874 
RWrist_Y_RO
M F Iso Sex 13.216 1.556 20 8.49   0.05 9.969 16.462 
RWrist_Y_RO
M M Iso Sex 15.644 1.556 20 10.05   0.05 12.397 18.891 
RWrist_Y_RO
M 
dif
f Iso Sex -2.428 2.201 20 -1.1 
0.283
1 0.05 -7.02 2.163 
RWrist_Y_RO
M F Jar Sex 46.093 4.909 18 9.39   0.05 35.781 56.406 
RWrist_Y_RO
M M Jar Sex 44.43 4.909 18 9.05   0.05 34.118 54.743 
RWrist_Y_RO
M 
dif
f Jar Sex 1.663 6.942 18 0.24 
0.813
4 0.05 
-
12.922 16.248 
RWrist_Y_max F 
Doo
r Sex 17.969 1.916 19 9.38   0.05 13.958 21.98 
RWrist_Y_max M 
Doo
r Sex 24.146 1.871 19 12.9   0.05 20.229 28.063 
RWrist_Y_max 
dif
f 
Doo
r Sex -6.177 2.679 19 -2.31 
0.032
5 0.05 
-
11.783 -0.571 
RWrist_Y_max F Iso Sex -1.347 2.868 20 -0.47   0.05 -7.328 4.635 
RWrist_Y_max M Iso Sex 4.435 2.868 20 1.55   0.05 -1.547 10.416 
RWrist_Y_max 
dif
f Iso Sex -5.781 4.055 20 -1.43 
0.169
4 0.05 
-
14.241 2.678 
RWrist_Y_max F Jar Sex 20.195 2.677 18 7.54   0.05 14.57 25.819 
RWrist_Y_max M Jar Sex 19.944 2.677 18 7.45   0.05 14.32 25.569 
RWrist_Y_max 
dif
f Jar Sex 0.25 3.786 18 0.07 0.948 0.05 -7.704 8.205 
RWrist_Y_min F 
Doo
r Sex -12.974 2.724 19 -4.76   0.05 
-
18.676 -7.273 
RWrist_Y_min M 
Doo
r Sex -8.778 2.71 19 -3.24   0.05 
-
14.449 -3.107 
RWrist_Y_min 
dif
f 
Doo
r Sex -4.196 3.842 19 -1.09 
0.288
4 0.05 
-
12.238 3.846 
RWrist_Y_min F Iso Sex -14.562 2.409 20 -6.05   0.05 
-
19.586 -9.538 
RWrist_Y_min M Iso Sex -11.209 2.409 20 -4.65   0.05 
-
16.233 -6.185 
RWrist_Y_min 
dif
f Iso Sex -3.353 3.406 20 -0.98 
0.336
7 0.05 
-
10.458 3.752 
RWrist_Y_min F Jar Sex -26.435 3.607 18 -7.33   0.05 
-
34.014 
-
18.856 
RWrist_Y_min M Jar Sex -24.355 3.607 18 -6.75   0.05 
-
31.934 
-
16.776 
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RWrist_Y_min 
dif
f Jar Sex -2.08 5.102 18 -0.41 
0.688
3 0.05 
-
12.798 8.638 
 
  
 
 
